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Mesoporosity offers the best combination of properties between microporosity and 
macroporosity incorporations, for a high capacity of adsorption while at the same time 
providing pathways for large adsorbates. 
Coconut shells are chosen precursor to produce mesoporous carbon adsorbent due to its 
volume (availability and cost), workability, hardness (structural strength) and low 
inorganic content. 
 
The best parameters for preparation of such adsorbent are studied by investigating the 
effect of different chemical agent (zinc chloride) concentration and different activating 
gases (and combinations).  Increase zinc chloride concentration will increase total pore 
volume and mesoporosity properties (mesopore surface area and volume).   Sequential 
gases activation nitrogen + steam in the first 2 hours, and then carbon dioxide + steam in 
next 2 hours- gives better mesoporosity properties compared with carbon dioxide only, 
which is even still higher compared with materials prepared at higher temperature. 
 
In liquid-phase application, mesoporous carbon shows higher adsorption saturation 
capacity and adsorbate affinity compared with commercial carbon.  From the adsorption 
isotherm and physico-chemistry nature of adsorbates, the pore structure of both 
mesoporous and commercial carbon are predicted, which confirm classification of pore 
shape by de-Boer from hysteresis loop of nitrogen adsorption isotherms.  The resulting 
 iii
pore structure of mesoporous carbon is cylindrical shaped pores with narrow necks of 
rather uniform diameters, but with wide bodies of different parameters; while commercial 
carbon have a slit-shaped pores open at all sides.  
 
Mesoporous carbon demonstrated good thermal regeneration efficiencies from bulky 
adsorbates, especially in the mesopore region.  Its regeneration in this region is even 
complete in the case of phenol red, which have similar chemical structure to phenol, a 
well-known substance that poses major problem in adsorbent regeneration.   
Lastly, re-application of regenerated mesoporous carbon in the liquid phase confirms the 
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A specific surface area of the adsorbent, m2/g
Acs cross-sectional area
b adsorption equilibrium constant in langmuir equation, 1/concentration
c concentration of adsorbate under equilibrium conditions
H enthalpy
ka adsorption rate constant
kb desorption rate constant
K constant
M molecular weight
ns surface concentration, mol/m
2 
N avogadro’s number (6.022x1023 molecule/mol
p pressure of adsorbate under equilibrium conditions
ps saturation pressure
Pa ambient pressure
q quantity of the adsorbed substances per unit surface area of mass of adsorbent
qs total number of adsorption sites or maximum loading of adsorbent
rp pore radius
rK inner capillary radius from which evaporation takes place
R gas constant
S surface area
SBET BET surface area
SME mesopore surface area
St total surface area





Vliq volume of liquid nitrogen 
Vm molar volume of the liquid adsorbate 
Vp pore volume
VK kelvin volume as defined from equation 2.20
VMP micropore volume
w sample weight
θ fractional surfaces occupied
∆Hs isosteric heat of sorption 
∆H0 limiting heat of sorption
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CHAPTER 1  INTRODUCTION 
 
 
1.1 Background  
Activated carbon is an inert processed carbon material that possesses extensive range of 
porosity with highly developed pore volume and internal surface area, and is an excellent 
adsorbent.   More specifically, activated carbons are unique and versatile adsorbents 
because of their extended surface area, porous structure, universal adsorption effect, high 
adsorption capacity, and high degree of surface reactivity. 
 
The use of activated carbon for adsorption treatment was first recorded more than two 
hundred years ago.  Current world consumption of activated carbon is steadily increasing 
and new applications are ever promising, particularly those concerning environmental 
pollution remediation that will tend to sustain the demand.  Activated carbons are 
excellent adsorbents and thus are used to purify, decolorize, deodorize, de-chlorinate, de-
toxicate, filter or remove.  They also modify the salts, separate, and concentrate in order 
to permit recovery.  These applications of active carbons are of interest to most economic 
sectors and concern areas as diverse as the pharmaceutical, food, chemical, petroleum, 
mining, automobile, nuclear, and vacuum industries as well as the treatment of drinking 
water, urban and industrial wastewater, and gas and air (Bansal et al., 1988) 
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With regard to the surface chemistry and surface characteristics of these adsorbent 
carbons, some of its current/ future applications are very demanding.  In the past and 
currently in many third world countries, many users of active carbon were able to cope 
with any grade of carbon and were concerned only with the price.  The current emphasis 
however, is moving toward unit operations which tend to utilize the entire adsorption 
space of the carbon.  This trend will continue to put a high premium on quality, 
adsorption capacity, reproducibility, and surface reactivity of the active carbon.  Demand 
for activated carbon in the US alone is forecast to increase nearly three percent per year 
to 450 million pounds in 2006, with market value expected to rise 3.5 percent per year to 
US$332 million over the same period (Freedonia: Industrial Study of Activated Carbon, 
2003). 
 
The determining factor for whether to use carbon treatment is often the cost of the 
adsorption process relative to alternative treatment processes.  The adsorption capacity of 
carbons for the compounds to be removed is an important cost factor in deciding 
adsorption treatment (Hsieh and Teng, 2000).  The capacities of carbon for contaminant 
compounds are significantly influenced by the pore structures of carbon adsorbent as well 
as the size of the adsorbate.  Therefore, selecting a suitable carbon adsorbent to remove 
specified compounds is an important issue for the treatment process. 
 
Almost any carbonaceous material can be used as the raw material for the production of 
the activated carbon.  However, the properties of the final active carbon will be different, 
depending on the nature of the raw material used, the nature of the activating agent, and 
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the conditions of the activation process (Bansal et al., 1988).  Because of its availability 
and cheapness, much of the activated carbon produced today is derived from natural coal 
and lignocellulosic materials (viz., walnut shell, coconut shells, eucalyptus, apricot 
stones, cherry stones, nuts, grape seeds,  olive and peach stones, sugar cane bagasse and 
oil palm trunks) (Hu and Srinivasan, 1999).  The following criteria are considered when 
deciding a carbonaceous raw material 1) potential for obtaining high-quality carbon 
adsorbent, such as high density and hardness for enhanced structural strength;  2) 
presence of minimum inorganic compounds in order to keep ash content low; 3) volume, 
availability and cost of the raw material; 4) storage life of the raw material and; 5) 
workability of the raw material, such as sufficient volatile percentage for large pore 
volume (Bansal et al., 1988).   
 
Coconut shells, fruit pits, and other nut shells are among the highest densities (only 
second to hard coal) and have the highest volatile contents (as woods and lignin), to 
produce hard, granular carbon with large micropore volume and are suitable for vapor as 
well as liquid phase applications (Bansal et al., 1988).   
 
The process of manufacturing activated carbon involves two steps: the carbonization of 
raw carbonaceous materials and the activation of the carbonized product.  Carbonization 
process is an essential step of the production process since it is in the course the initial 
porous structure is formed.  This approach permits better control of the pyrolysis of the 
precursor and a subsequent improvement in the yield of the process or in the properties of 





Carbonizates (carbonized carbon/ char) of required properties are obtained by suitable 
adjustment of the conditions of pyrolysis.  These relevant parameters as shown by 
Jankowska et al. (1991) are: 1) the final temperature achieved; 2) the time of 
carbonization; 3) ramping rate of temperature, and; 4) the atmosphere in which the 
pyrolysis is conducted.  The most crucial of these factors is the final temperature of the 
process, as this is linked with the need to supply to the particle of carbonaceous material 
significant amounts of energy in order to produce splitting of the weaker chemical bonds 
and to facilitate migration of the volatile products. In addition, the residence time for 
carbonization at the final temperature is an important parameter that has an effect on the 
ordering of the compact structure of the carbon material. 
 
Another important parameter of the carbonization is the rate at which the final 
temperature is attained.  When the temperature is raised too quickly, formation of the 
porous structure in the carbonizate is more difficult (Jankowska et al., 1991).  
Furthermore, rapid temperature ramping restrains ordering of the chemical structure of 
the carbon material, since the processes taking place in the solid phase proceed fairly 
slowly and therefore require time.  If the temperature is raised rapidly (e.g. 20°C/min), a 
large quantity of volatile matter evolves within a short time, and as a result pores of 
greater sizes are usually formed.  The reactivity of the carbonizates in this way is greater 
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than that of the products heated at a slow rate (e.g. 10°C/min).  This is due to the greater 
porosity and reduced ordering of the compact carbon material as compared with 
carbonizates obtained from the same raw material but at al low rate of heating. 
 
The atmosphere in which the carbonization process is conducted also affects the surface 
reactivity and product yield of the resulting carbon.  If the evolving gases and vapors 
during pyrolysis process are rapidly replaced by a neutral gas or combustion gases, then 
the quantity of the carbonizate obtained is smaller but its reactivity is greater.  This is 
clearly obvious when the combustion gases contain large amount of water vapor and 
carbon dioxide, since then they react additionally with the decomposing material even at 
relatively low temperatures (Jankowska et al., 1991). 
 
The carbonization process involves two important phases that markedly determine the 
properties of the final product (Bansal et al., 1988).  The first phase is the softening 
period, during which the temperature control gives an important orientation on the type of 
char/ carbonizates obtained.  After the softening period the char starts to harden and 
shrink.  The shrinkage of the char also plays a role in the development of porosity in the 
char.  In the case of coconut shells, the softening stage does not produce any particular 
problem but the low rate of heating can result in denser and harder chars (Jankowska et 
al., 1991). 
 
In wood-based carbonization, generally, the material is usually dried at the temperature of 
170°C.  Partial degradation of dried raw material starts above this temperature with the 
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evolution of CO2, CO, and C2H4O2 (Bansal et al., 1988).  When the temperature reaches 
270-280°C, exothermal decomposition takes over and releases a considerable amount of 
tar, methanol, and other chemicals.  The carbonization is near to completion in the 
temperature range of 400-600°C.  During this process, approximately 80% of carbon 
content is attained.   
 
1.1.2 Activation 
The objective of the activation process is to increase the volume and to develop the 
diameters of the pores which were created during the carbonization process and to create 
some new porosity.  The structure of the pores and their pore size distribution are largely 
predetermined by the nature of the raw material and the history of its carbonization.  The 
activation removes disorganized loose carbon particles, exposing the aromatic sheets to 
the action of activation agents in the first phase and then leads to the development of the 
porous structure.  In the latter phase of the progress, the significant process is the 
widening of the existing pores or the formation of the large-sized pores by the complete 
burnout of the walls between the adjacent pores.  This results in an increase in the 
mesoporosity and macroporosity, whereas the microporosity is constant or decreases.   
 
1.1.2.1 Physical Activation 
The basic method of activating carbonaceous material consists of thermal treatment at the 
range of 800°C-1100°C with oxidizing gases (steam, carbon dioxide, oxygen).  In this 
activation process, carbon reacts with the activating gases and the resulting carbon oxides 
diffuse from the carbon surface.  Owing to the partial gasification of the granules/ char 
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(obtained from carbonization of the raw material), a porous structure builds up inside 
them.  The structure of the carbonization product consists of a system of crystallites 
similar to those of graphite bonded by aliphatic-type bond to yield a spatial polymer 
(Bansal et al., 1988).  The spaces between the neighboring crystallites constitute the 
primary porous structure of the carbon.  The pores of carbonized granules are often filled 
with tar decomposition products and are blocked with amorphous carbon.  This 
amorphous carbon reacts in the initial oxidation step, and as a result the closed pores 
open and new ones are formed.  In the process of further oxidation, the carbons of the 
elementary crystallites react, and the existing pores widen.  Deep oxidation leads to 
reduction in the total volume of micropores due to burning off the walls between the 
neighboring pores, and in consequence the adsorptive properties and mechanical strength 
of the material decrease (Jankowska et al., 1991).  Carbon oxidation is a complex 
heterogeneous process encompassing the transport of gaseous reagents to the surface of 
the particles, their diffusion into the pores, gases sorption on the pore surface, reaction 
with carbon surface, desorption of the reaction products, and diffusion of these products 
to the particle surface. 
 
The analysis of creation or destruction of porosity upon activation showed that the largest 
increases in porosity are produced in the early stages of the activation process, as the 
result of opening constriction in the char porosity and the development of new 
interconnecting pores (Molina-Sabio et al., 1996).  Although this behavior is, in general 
terms, common to both steam and CO2 activating gases, the way in which microporosity 
is developed differs from one activation process to another.  In the early stage of the 
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process, up to about 20% burn-off, carbon dioxide develops narrow micropores; whereas 
steam widens the initial microporosity from the beginning of the reaction.  The widening 
of microporosity is especially noticeable at high burn-offs, at which the activated carbon 
prepared with steam exhibit larger meso and macropore volume than those prepared with 
carbon dioxide. 
 
1.1.2.2 Chemical Activation 
In chemical activation, the carbonization and activation are accomplished in a single step 
by carrying out thermal decomposition of the raw material impregnated with certain 
chemical agents (Hu and Srinivasan, 2001a).  This chemical activation is normally 
restricted to wood-based precursors.  This process involves carbonizing the precursor 
material after impregnation, during at which the chemistry of pyrolysis is changed, and 
macromolecular network system is established with enhanced porosity (Byrne and 
Marsh, 1995).  The advantages of chemical activation are low energy cost due to lower 
temperatures (500°C to 800°C) than those needed for physical activation, and high 
products yields (Hu and Srinivasan, 2001a).  Chemical impregnation can be carry out 
using such as phosphoric acid, sulphuric acid, potassium sulphide, carbonates of alkali 
metals and metal chlorides, potassium hydroxide, and zinc chloride (Byrne and Marsh, 
1995).   
 
Although phosphoric acid has been shown to be the most environmentally sound 
chemical for the activation process, most research groups prefer to use zinc chloride due 
to its effective activating capabilities (Khalili et al., 2000).  The common feature of these 
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chemical agents is their ability to induce pyrolysis and decomposition to give a desired 
pore structure (Byrne and Marsh, 1995).  The degradation of cellulose material and the 
aromatization of the carbon skeleton with ZnCl2 treatment result in the creation of the 
porous structure.  Caturla et al. (1991) showed that zinc chloride acts as a dehydrating 
agent that promotes the decomposition of carbonaceous material during the pyrolysis 
process, restricts the formation of tar, and increases the carbon yield.  Essentially, vacant 
interstices in the carbon matrix are created upon extensive post pyrolysis washing of the 
pores using hydrochloric acid. 
 
The concentration of the chemical activation agent can extensively alter the 
characteristics of the produced carbons.  According to Caturla et al. (1991), at high ZnCl2 
concentrations, some ZnCl2 remains in the external part of the carbon particles and 
widens the porosity by a localized decomposition of the organic matter.  This process 
results in the enhancement of the meso- and macropore formation. Gonzalez-Serrano et 
al. (1997) showed that ratios of raw-material : ZnCl2 by (w/w) of 1:1 can result in a  
porous structure consisting of narrow (more uniform) microporosity.  Molina-Sabio el al., 
(1996) described pore evolution with respect to activating agents and showed that 
micropore formation is predominant when the ratio of raw material : ZnCl2 by (w/w) is in 
the range of 1:1 to 1:2. On the other hand, creation and widening of micropores take 
place simultaneously when the impregnation ratio is greater than 1:2. 
 
1.2 Adsorbent with Micro-, Meso-, and Macropores 
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For active carbon, three types of pores occur: micro-, meso-, and macro- pores which 
play different roles in the process of adsorption of vapors and gases.  For typical widely-
used active carbons, most of the adsorbate is adsorbed in the micropores.  The 
classification of pores is usually based on their linear dimensions.  According to the 
IUPAC classification of pores in adsorbents, pores with radii below 2 nm are called 
micropores; those with radii lying between 2 and 50 nm are called mesopores, while 
those with radii greater than 50 nm are called macropores.  The presence of miropores in 
the adsorbent changes radically its adsorptive properties.  As a result, adsorption in the 
micropores is much greater than on the surface of the macropores.  Adsorption on the 
surface of macropores is usually negligible compared with that in micro- or mesopores 
(Jankowska et al., 1991). 
 
Detailed specifications of an active carbon require the following: determination of the 
pore volume distribution function variation with the linear dimensions (with the micro-, 
meso-, and macropore range being included), quantitative determination of the chemical 
functional groups present on the surface, estimation of the adsorption capacity and 
specific surface area of the particular types of pore, and description of the structural and 
energetic heterogeneity of the pores (Jankowska et al., 1991).   
 
Most commercial activated carbons have a specific surface area of the order of 800-1500 
m2/g.  The maximum of the distribution curve of their volume versus their radii is mostly 
in the micoporous range of 0.4-2.0 nm.  Therefore, the activated carbons are microporous 
materials.  The mesopore volumes lie between the limits 0.1-0.5 cm3/g and mesopore 
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surface areas are in the range of 20-100 m2/g.  Besides their significant contribution to 
adsorption, mesopores also serve as the main transport arteries for the adsorbate.  
Therefore, mesopores of porous carbon materials have a very important role in 
adsorption, especially in the new applications, such as catalytic supports, battery 
electrodes, capacitors, and gas storage and biomedical engineering applications.  For such 
applications, the carbon materials should possess not only high surface area, but also high 
ratio of mesopores to micropores, because many macromolecules and ions larger than the 




1.3 Thermal Regeneration 
The regeneration of the adsorbent consists of removing the adsorbed substances from its 
surface and restoring, as far as possible, its initial adsorptive properties.  In industrial 
practice, the purpose is either recovering any valuable materials adsorbed on the carbon 
surface or reusing the same adsorbent.  The regenerated adsorbent should therefore fully 
recover its initial adsorptive capacity or very nearly so. 
 
The difficulty in solving regeneration problems depends on whether it is a physical or 
chemical sorption (Jankowska et al., 1991).  Physical adsorption is an easily reversible 
process and the removal of the adsorbate from the surface presents no severe problem and 
may be achieved, for instance simply by thermal treatment.  In contrast, regeneration in 
the case of chemisorption is much more difficult, due to the much stronger forces 
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bonding the adsorbate molecules to the adsorbent surface.  In the case of physical process 
the attachment of the adsorbate is due to Van der Waals forces, hydrogen bonds, etc., 
whereas in chemisorption we are dealing with ionic or covalent bonding. 
 
The optimal conditions of the regeneration process ensuring minimal losses of the carbon 
are determined in every case experimentally.  Three factors are acting as major 
considerations 1) the temperature; 2) the time of regeneration, and; 3) the degree of 
saturation of the carbon with the adsorbed substance (Jankowska et al., 1991).   
The efficiency of the process of regeneration of the surface of active carbons largely 
depends on the following factors: 1) the porous structure of the carbon and the chemical 
condition of its surface; 2) the physico-chemical properties of the adsorbent; 3) the 
methods applied for regeneration; 4) the conditions under which the regeneration process 
is conducted. 
 
The thermal method finds widest application in industry and consists of the regeneration 
of carbon adsorbent with hot gases, or primary superheated steam.  In the course of 
thermal gaseous regeneration, losses of the regenerated carbon occur.  Normally 
regeneration is conducted in rotary ovens and requires a 20 percent excess of air for 
selective oxidation or organic pollutants with respect to the amount necessary for their 
stoichiometric combustion (Ming, 1997).  However, if the excess of oxygen is too large, 
not only the adsorbate but also the carbon is oxidized.   
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Thermal regeneration cannot be applied in the following situation (Jankowska et al., 
1991): 1) mineral salts are deposited on the carbon surface; in this case preliminary 
washing should be performed with acid, e.g., hydrochloric acid; 2) the adsorbates present 
on the carbon surface may pollute the atmosphere after desorption; this refers to such 
adsorbates as nitrogen oxides, radioactive substances, and; 3) the adsorbates are strongly 
corrosive after desorption. 
 
 
1.4 Project Objectives 
Only in approximately last 8 years, scientists have discovered mesoporous materials and 
became increasingly more aware of their importance.  Mesoporosity offers the best 
combination properties of microporosity and macroporosity.  Similar to microporous 
material, mesopores also possess a high capacity for adsorption; and similar to 
macroporous materials, mesopores also provide the main pathway or arteries from 
external into internal structure where adsorption occurs.  In short, the mesoporous 
adsorbent is a very useful material for adsorption, especially for those larger molecules 
and provides both pathway and capacity.  As mentioned previously, mesoporous material 
possesses pore diameter openings in the range from 2 to 50 nm.  We are interested in 
producing a cheap mesoporous adsorbent, which can only be realized in carbon-based 
precursor.  This mesoporous carbon adsorbent should comes from renewable and waste 
material such as coconut shells.  Coconut shells were also chosen to be a precursor for 
mesoporous carbon adsorbent as it possesses high hardness, high volatility and low ash 
content. 
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 While many other research groups have been dealing with producing mesoporous carbon 
adsorbents using either physical or chemical treatment, we are interested in producing 
mesoporous carbon using simultaneous or combined physical and chemical activation.  In 
this way, the carbonization and activation can be accomplished in a single step by 
carrying out thermal decomposition of the coconut shells impregnated with certain 
chemical agents.  Furthermore, this combination of physical and chemical activation 
process leads to the production of activated carbon with specific surface properties 
(Khalili et al., 2000).  In chemical treatment, zinc chloride (ZnCl2) solution will be used, 
as it is a well-known chemical agent of choice due to its effectiveness in activation.   
 
Previous research by Gonzalez-Serrano et al. (1997) has shown that using chemical to 
raw material ratio of less than 1 will result a porous structure consisting of narrow 
microporosity.  However, for the ratios in the range of 1-2, creation and widening of the 
micropores takes place simultaneously.  When chemical impregnation ratio is greater 
than 2, pore widening becomes the dominant mechanism and mesopores are formed 
(Khalili et al., 2000).  As we are more interested in creating new pores and then pore 
widening of the micropores for meso-macropores, this project will therefore be focused 
on the chemical to raw material ratios of range 2 to 4. The effect of different chemical 
concentrations on the physical properties of resulting carbon will be studied, and then 
compared with properties of commercial carbon.  Our aim is to find the conditions for 
getting a mesoporous adsorbent with highest pore volume and surface area.  
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In addition to various concentrations of ZnCl2, the effect of different gases such as steam, 
carbon dioxide and nitrogen and their combinations on the development of porosity will 
be examined.  Other parameters such as employing gas purging (of N2 or CO2) before 
carbonization, effect of the size of the raw material on the physical pore development will 
also discussed.   
 
Filtrasorb 100 will be used as the model commercial carbon for the purposes of 
comparison.  The adsorbates, namely, methylene blue, tartrazine, violamine-r, and phenol 
red are all different in sizes and structures, and are used extensively in industries such as 
pharmaceuticals, textile, and pulp.  Furthermore, physico-chemical properties of the 
macro-contaminant will be examined and the adsorptive capacities of both mesoporous 
and commercial carbon will be also used in order to confirm the deBoer prediction for 
carbon pore structure  
 
Lastly, spent activated carbon will undergo thermal treatment to restore its adsorption 
capacity, especially within the mesopore region. The regeneration will be done in an inert 
environment to minimize carbon losses and also at low temperature (400ºC).   
 
In summary, the main objectives of this research are as follows: 1) synthesis and 
characterization of high surface area and pore volume mesoporous carbon from a cheap 
and renewable resource; 2) investigation of the effect of activating gases, degree of 
chemical impregnation and conditions to achieve optimum parameters for preparation; 3) 
application of mesoporous carbon in liquid phase treatment; 4) Regeneration of spent 
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activated carbon and; 5) determination of the pore structure of both mesoporous and 








Although some material in this section can be easily obtained from a textbook, the author 
feels the importance of reviewing such topic briefly, highlighting the importance of 
theories and concepts of relevance in this research topic, while showing the practical 
applications of the ideas.   
 
Although the true surface area of porous materials is difficult to calculate by existing 
models, the Brunauer-Emmet-Teller (BET) method and Langmuir method are widely 
used to obtain an apparent surface area and volume.  Characteristic of the pore structure 
and pore distribution can be identified from comparative plots such as t-plot (Gregg and 
Sing, 1982). The pore size distribution and the corresponding surface areas of the 
mesoporous adsorbent are traditionally calculated from the hysteresis loop according to 
the BJH (Barret-Joyner-Halenda) theory, which is based on the Kelvin equation (Khalili 
et al., 2000) 
 
Three general cases of physical adsorption can be distinguished depending on whether 
the equilibrium relationship is linear, favorable, or unfavorable over the concentration 
range.  A Concave isotherm is referred to as favorable, and convex isotherm is referred to 
as unfavorable. Typical shapes of the equilibrium curves of the three cases are shown in 
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Figure 2.1.  These terms correctly imply that adsorption will frequently be used to capture 
small amount of solutes from dilute solutions.  As a result, an adsorbent with a highly 
concave isotherm will be particularly effective under those conditions, whereas a highly 
convex isotherm, will be particularly ineffective under those conditions.  Still while these 
terms are useful, one must remember that an isotherm that is strongly concave for 
adsorption may be strongly convex when it is time to elute the adsorbed species.  Such 
elution is necessary if the adsorbent is to be reused.   
 
An understanding of the surface area and porosity of an adsorbent can be achieved by the 
construction of an adsorption isotherm.  When the quantity of adsorbate on a surface is 
measured over a wide range of relative pressure at constant temperature, the result is an 
adsorption isotherm. As originally proposed by Brunauer, Deming, Deming and Teller 
(hereafter BDDT), or sometimes referred to as the Brunauer, Emmett and Teller (BET) 
theory, it is claimed that for systems kept at temperatures below the critical point of the 
adsorbing gas, five principal shapes of the adsorption isotherms are possible, as 






























































































































































2.2 Models of Adsorption and their Corresponding Isotherm 
In the equilibrium established between the gas or vapor and the solid surface, the 
concentration of gas on the surface is usually greater than that in the gas phase 
irrespective of the nature of the gas and surface.  The process in which an excess of the 
substance is accumulated on the surface of a solid is known as adsorption.  The atoms on 
the surface of any solid have uncompensated attractive forces oriented perpendicular to 
the plane of the surface.  This situation is partly restored on the adsorption of gas 
molecules.  Solids with extensively developed surface that play the essential role in the 
process of adsorption are referred to as adsorbents.  The real surface of the adsorbent per 
unit mass (usually 1 g) that participates in adsorption is called the specific surface area. 
 
Experimental data show that, regardless of how the adsorption phenomena is described, 
the equilibrium distribution of the adsorbate molecules between the surface and the gas 
phase depends on the pressure of the gas undergoing adsorption and on the temperature: 
),( Tpfq =   or        (2.1) ),( Tcfq =
 
where q is the quantity of the adsorbed substances per unit surface area of the adsorbent, 
p or c is the pressure or concentration of adsorbate under equilibrium conditions, and T is 
the temperature.  The adsorption equilibrium can be approached in three ways: 
1.  At constant temperature the equilibrium can be described by the adsorption 
isotherm: 
Tpfq )(=  or        (2.2) Tcfq )(=
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2.  At constant pressure, the equilibrium can be described by the adsorption isobar: 
PTfq )(=         (2.3) 
 
3.  If the quantity q of the adsorbed substance is constant, the equilibrium can be    
described by the adsorption isostere: 
qTfp )(=         (2.4) 
 
In practice, experimental data on physical adsorption are usually presented in the form of 
adsorption isotherms.  This is so because investigation of the adsorption process at 
constant temperature is most convenient, and theoretical analysis of the adsorption data 
with regard to proposed models employs isotherms and not isobars or isosteres.  It should 
be noted, however, that sometimes the adsorption isobars are very useful for determining 
the adsorption mechanism in a particular system and also for distinguishing between 
physical adsorption and chemisorption, determination of the temperature of desorption of 
a chemisorbed substances (Jankowska et al, 1991). 
 
 
2.3 Adsorption at Low Coverage: Henry’s Law 
For physical adsorption there is no change in molecular state on adsorption (i.e., no 
association or dissociation).  It follows that for adsorption on a uniform surface at 
sufficiently low concentration such that all molecules are isolated from their nearest 
neighbors, the equilibrium relationship between fluid phase and adsorbed phase 
concentrations will be linear.  This linear relationship is commonly referred to as Henry’s 
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Law by analogy with the limiting behavior of solutions of gases in liquids and the 
constant of proportionality, which is simply the adsorption equilibrium constant and is 
referred to as the Henry’s Constant.  The Henry’s Constant may be expressed in terms of 
either pressure or concentration: 
cKq H=  or         (2.5) pKq H '=
 
where q and c are expressed as molecules or moles per unit volume in the adsorbed and 
fluid phases.  From the ideal gas law it follow that K = K'RT.  Alternatively, in terms of 






'==        (2.6) 
 
where A is the specific surface area per unit volume of the adsorbent. 











Kd H ∆=      (2.7) 
 
where ∆H0 and ∆U0 represent respectively the differences in enthalpy and internal energy 
between adsorbed and gaseous states.  Neglecting differences in heat capacity between 





' ∆−=  ,       (2.8) RTHHH eKK /00 ∆−=
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 In accordance with equation 2.7, plots of ln K versus 1/T are often found to be essentially 
linear over a wide range of temperature 
 
 
2.4 Langmuir Isotherm 
Three commonly cited isotherms are the linear, Langmuir, and Freudlich types.  The 
Langmuir isotherm is more common than the linear isotherm and has a clear theoretical 
basis, while Freudlich type is somewhat vague (Cussler, 2001).  In addition, while linear 
isotherm and Freudlich isotherms work best for very diluted and medium concentrated 
solution, respectively; Langmuir on the other hand can be extended to more concentrated 
solutions, showing plateau curve at saturation (maximum capacity of adsorbent).   
Therefore, we will only discuss on Langmuir Isotherm in this study. 
 
Development of the Langmuir equation is based on monolayer adsorption on 
homogeneous surfaces with the following assumptions: 1) Adsorption of adsorbate 
molecules takes place at well defined localized sites; 2) All the adsorption sites are 
energetically identical, and each site accommodates one adsorbate molecule only; 3) 
There are no lateral interactions between neighboring adsorbed molecules. 
 
At equilibrium the number of molecules existing in the adsorbed state is constant and the 
rates of adsorption and desorption are equal 
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θθ kdpka =− )1(         (2.9) 
 
where θ = q/qs is the fractional surfaces occupied, and qs is the total number of sites per 








θ         (2.10) 
 
where b = ka/kd is the adsorption equilibrium constant.  This expression shows the correct 
asymptotic behavior for monolayer adsorption since at saturation ∞→p ,  and sqq →





=  or        (2.11) pKpbqq s ')( ==
 
K= bqs is Henry’s Constant, which shows that Langmuir isotherm reduces to Henry’s 
Law at low concentration and is therefore thermodynamically consistent. 
In real applications for adsorbent, we want to have both high adsorption capacity and 
adsorbate affinity.  The former will result higher amount of molecules to be adsorbed on 
to the adsorbent and thus maximize adsorption efficiency, and the latter will result high 
affinity of adsorbent in low concentration.  This affinity at low concentration is very 
important in many applications, as many times the adsorbents are used to remove residual 
contaminants.  Therefore, linear isotherm in this low concentration, which can be 
expressed by Henry’s Constant, is desirable especially for application of adsorbents in 
low concentration.   
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 Figure 2.3 shows schematically the importance of having high adsorption capacity and 
adsorbate-affinity.  Adsorbent A has high saturation capacity and thus maximizes the 
amount of contaminant to be adsorbed on the adsorption sites.  Nevertheless, it has low 
affinity to adsorbate in low concentration (which can be referred to low Henry’s 
Constant). Thus, although this type of adsorbent has optimum capacity for adsorbate, it 
cannot be effectively used to remove pollutants in residual concentrations.   
 
On the other hand, Adsorbent B has a high affinity for the adsorbate at low concentration 
but its capacity for adsorbate is very limited and thus its usage is not optimized.  
Therefore, in all situations, high in both adsorption saturation capacity and Henry’s 









high affinity to adsorbate 






qs of Equation 2.11 represents a fixed number of surface sites and should therefore be a 
temperature-independent constant while the temperature dependence of equilibrium 





Hbb 00 exp        (2.12) 
 
Since adsorption is exothermic (∆H negative) b should decrease with increasing 
temperature. 
 
The assumption of identical sites with no interaction between adsorbed molecules implies 
that the heat of adsorption is independent of coverage.  It follows by differentiation of 






















   (2.13) 
 
Commonly suggested procedures for testing the fit of the Langmuir model to 
experimental data involve plotting either p/q against p or 1/q against 1/p.  Equation 2.10 




p += 1   or  pbqqq ss
1111 +=      (2.14) 
 
so it’s evident that the model parameters b and qs may be easily obtained from the slopes 
and intercepts of such plots.  The plot of p/q and p is somewhat insensitive to small 
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deviations from the model since the pressure occurs in both variables.  Since the 
Langmuir model is the correct qualitative form to represent a type I isotherm, a 
reasonably good fit of many experimental isotherms may often be obtained over quite 
wide concentration ranges by appropriate choice of the constants b and qs.   
The model of adsorption at a set of distinct localized sites is in general more appropriate 
to chemisorption than to physical adsorption since in many cases a physically adsorbed 
layer is highly mobile and resembles more closely a two-dimensional gas.  The Langmuir 
equation may however be derived from the Gibbs adsorption isotherm as an 
approximation for mobile physical adsorption at relatively low coverage, and the 
application of this model to physical adsorption is therefore not without theoretical 
justification (Ming, 1997). 
 
 
2.5  BET Model 
 
2.5.1 Theoretical Approach 
BET treatment is based on a kinetic model of the adsorption process put forward about 
sixty five years ago by Langmuir discussed above, in which the surface of the solid was 
regarded as an array of adsorption sites.  A state of dynamic equilibrium was postulated 
in which the rate at which molecules arriving from the gas phase and condensing on to 




It is evident that if the physical adsorption capacity were limited to a close-packed 
monolayer, determination of the saturation limit from an experimental isotherm with a 
molecule of known size would provide a simple and straightforward method of 
estimating the specific area.  The main difficulty is that in chemisorption the sites are 
usually widely spaced so that the saturation limit bears no obvious relationship to specific 
surface area while physical adsorption generally involves multilayer adsorption. 
 
The formation of the second and subsequent molecular layers commences at pressures 
well below that required for completion of the monolayer.  So it is not immediately 
obvious how to extract the monolayer capacity from the experimental isotherm.  This 
problem was first solved by Brunauer, Emmett, and Teller (BET) in 1938 who developed 
a simple model isotherm to account for multilayer adsorption and used this model to 
extract the monolayer capacity and hence the specific surface area.  A number of 
refinements to the BET model and to the experimental method have been developed more 
recently but the basic BET method remains the most widely used technique for 
measurement of specific surface area. 
 
An exact theoretical treatment of multilayer adsorption presents formidable problems 
since it is necessary to take account not only of the interactions between sorbate 
molecules and adsorbent surface but also of the sorbate-sorbate interactions which are 
often of comparable magnitude.  The BET model is based on number of rather serious 
idealizations.  Each molecule in the first adsorbed layer is considered to provide one 
“site” for the second and subsequent layers.  The molecules in the second and subsequent 
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layers, which are in contact with other sorbate molecules rather than with the surface of 
the adsorbent, are considered to behave essentially as the saturated liquid while the 
equilibrium constant for the first layer of molecules in contact with the surface of the 
adsorbent is different.  The expression for the BET isotherm may be derived from these 
assumptions, either by an extension of the simple kinetic argument put forward above for 
the monolayer case or by a more refined thermodynamic argument.   









+−−=      (2.15) 
 
 
2.5.2 Practical Approach 
Before performing gas sorption experiments, solid surfaces must be freed from 
contaminants such as water and oils. Surface cleaning (degassing) is most often carried 
out by placing a sample of the solid in a glass cell and heating it under vacuum or flowing 
gas.   
 
Figure 2.4-1 illustrates how a solid particle containing cracks and orifices (pores) of 
different sizes and shapes may look after its pretreatment.  Once clean, the sample is 
brought to a constant temperature by means of an external bath. Then, small amounts of a 
gas (the adsorbate) are admitted in steps into the evacuated sample chamber. Gas 
molecules that stick to the surface of the solid (adsorbent) are said to be adsorbed and 
tend to form a thin layer that covers the entire adsorbent surface. Based on BET theory, 
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one can estimate the number of molecules required to cover the adsorbent surface with a 
monolayer of adsorbed molecules, Nm (see Figure 2.4-2).  
 
Multiplying Nm by the cross-sectional area of an adsorbate molecule yields the sample’s 
surface area.  Continued addition of gas molecules beyond monolayer formation leads to 
the gradual stacking of multiple layers (or multilayer).  The formation occurs in parallel 
to capillary condensation (see Figure 2.4-3). The latter process is adequately described by 
the Kelvin equation (Linsen et al., 1970), which quantifies the proportionality between 
residual (or equilibrium) gas pressure and the size of capillaries capable of condensing 
gas within them.  Methods such as the one by Barrett, Joyner and Halenda (B.J.H.) 
discussed later in section 2.5.2.3 allow the computation of pore sizes from equilibrium 
gas pressures. One can therefore generate experimental curves (or isotherms) linking 
adsorbed gas volumes with relative saturation pressures at equilibrium, and convert them 
to cumulative or differential pore size distributions.  As the equilibrium adsorbate 
pressures approach saturation, the pores become completely filled with adsorbate (see 
Figure 2.4-4).  
 
Knowing the density of the adsorbate, one can calculate the volume it occupies and, 
consequently, the total pore volume of the sample. If at this stage one reverses the 
adsorption process by withdrawing known amounts of gas from the system in steps, one 
can also generate desorption isotherms. The resulting hysteresis leads to isotherm shapes 
that can be mechanistically related to those expected from particular pore shapes. 
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 Figure 2. 4 Schematic Illustration of Gas Sorption Process (Quantachrome Nova Series Manual) 
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 2.5.2.1 Surface Area Measurement using Multipoint BET Method 





)( −  to obtained b and qs.  
The term b, is related to the energy of adsorption in the first adsorbed layer and 
consequently its value is an indication for the magnitude of the adsorbent/adsorbate 
interactions.  This linear plot, which for most solids, are obtained using Nitrogen as the 
adsorbate, is restricted to a limited region of the adsorption isotherm, usually in the p/ps 
range of 0.05 to 0.35.  
The total surface area, St, of the sample can be expressed as: 
M
NAqS csst =         (2.16) 
 
where N is Avogadro’s number (6.022x1023 molecule/mol) and M is molecular weight of 
the adsorbate.  Nitrogen is the most widely used gas for surface area determinations since 
it exhibits intermediate valued for the b constant (50-250) on most solid surfaces, 
precluding either localized adsorption or behavior as a two dimensional gas.  Since it has 
been established that the b constant influences the value of the cross-sectional area of an 
adsorbate, the acceptable range of b constant for nitrogen makes it possible to calculate 
its cross-sectional area from its bulk liquid properties.  For the hexagonal close-packed 
nitrogen monolayer at 77K, the cross-sectional area Acs for nitrogen is 16.2 Å2.  
The specific surface area S of the solid can be calculated form the total surface area St 
and the sample weight w, according to equation: 
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wSS t /=          (2.17) 
 
2.5.2.2 Total Pore Volume and Average Pore Radius 
The total pore volume is derived from the amount of vapor adsorbed at a relative pressure 
close to unity, by assuming that the pores are then filled with liquid adsorbate (nitrogen at 
77K).  If the solid contains no macropores the isotherm will remain nearly horizontal 
over a range of p/ps approaching unity and pore volume is well defined.  However, in the 
presence of macropores the isotherm rises rapidly near p/ps=1 and in the limit of large 
macropores may exhibit an essentially vertical rise.  In this case the limiting adsorption 
cannot be identified reliably with the total pore volume.  The volume of nitrogen 
adsorbed (Vads) can be converted to the volume of liquid nitrogen (Vliq) contained in the 
pores using equation: 
RT
VVPV madsaliq =         (2.18) 
 
in which Pa and T are ambient pressure and temperature, respectively, and Vm is the 
molar volume of the liquid adsorbate (34.7 cm3/mol for nitrogen). 
 
Since pores which would not be filled below a relative pressure of 1 have a negligible 
contribution to the total pore volume and the surface area of the sample, the average pore 
size can be estimated from the pore volume.  Assuming cylindrical pore geometry, the 




2=          (2.19) 
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where Vliq is obtained from equation 2.18 and S is the BET surface area.  For other pore 
geometries a knowledge of the shape of the hysteresis in the adsorption/ desorption 
isotherm is required. 
 
2.5.2.3 Pore Size Distribution by BJH Method 
Assuming that the initial relative pressure (p/ps)1 is close to unity, all pores are filled with 
liquid.  The largest pore or radius rp1 has a physically adsorbed layer of Nitrogen 
molecules of thickness t1.  Inside this thickness is an inner capillary with radius rK from 
which evaporation takes place as p/ps is lowered.  The relationship between the pore 










V =         (2.20) 
 
When the relative pressure is lowered from (p/ps)1 to (p/ps)2 a volume V1 will desorbed 
from the surface.  This liquid volume V1 represents not only emptying of the largest pore 
of its condensate but also a reduction in the thickness of its physically adsorbed layer by 
an amount ∆t1.  Across this relative pressure decrement the average change in thickness is 

























When the relative pressure is again lowered to (p/ps)3 the volume of liquid desorbed 
includes not only the condensate from the next larger size pores but also the volume from 
a second thinning of the physically adsorbed layer left behind in the pores of the largest 























=       (2.22) 
 




ActV t ∆=∆         (2.23) 
 
where Ac1 is the area exposed by the previously emptied pores from which the physically 
adsorbed gas is desorbed.  Equation 2.23 can be generalized to represent any step of a 








jnt ActV n         (2.24) 
 
The summation in equation 2.24 is the sum of the average area in unfilled pores down to, 
but not including, the pore that was emptied in the desorption.  Substituting the general 
value for  into equation 2.22 results in an exact expression for calculating pore 































V     (2.25) 
 
Since the area (Ac) for any one size empty pore is not a constant but varies with each 
decrement of p/ps, this term must be evaluated. 
The area of each pore Ap is a constant and can be calculated from the pore volume, 






2=          (2.26) 
 
Then the pore areas can be cumulatively summed so that for any step in the desorption 
process Ap is known.  The BJH method offers a means of computing ΣAcj from Ap for 
each relative pressure decrement as follows: 
It is assumed that all pores emptied of their condensate during a relative pressure 
decrement have an average radius pr  calculated from the Kelvin equation radii at the 
upper and lower values of p/ps in the desorption step.  The average capillary (core) radius 
is expressed as: 
rpc trr −=          (2.27) 
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 where rt is the thickness of the adsorbed layer at the average radius in the interval in the 
current pressure decrement and is calculated from the equation 2.28 









−==         (2.28) 
 
Equation 2.25 now can be used in conjunction with equation 2.28 as an exact expression 
for the computation of pore size distributions. 
 
2.5.2.4 Micro-Mesopore Surface Area and Volume Measurement by t-plot Method 
Deviation from the standard isotherm in the high-pressure region offers a means of 
detecting the occurrence of capillary condensation in the crevices between the particle of 
a solid and in any mesopore present within the particle themselves.  A convenient device 
for detecting deviations from the standard is the “t-plot” (Gregg and Sing, 1982).   
This task of detecting deviation from the standard isotherm is essentially one of 
comparing the shape of the isotherm under test with that of the standard, by finding 
whether the two can be brought into coincidence by mere adjustment of scale.  A 
convenient means of testing for such superposability is provided by the t-plot of Lippens 
and de Boer (Gregg and Sing, 1982).   It is based on the t-curve, which is a plot of the 
standard isotherm with t, the statistical thickness of the film, rather than n/nm, as the 
dependent variable.  The conversion is accomplished by taking n/nm to be equal to the 
number of statistical molecular layers in the film and multiplying by the thickness of a 
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single molecular layer, so that t = (n/nm)σ (t of course represents the average thickness; 
actual thickness must vary from place to place).  For nitrogen at 77K, Lippens, Linsen 
and deBoer (Gregg and Sing, 1982) put σ=3.54Å, on the assumption that the arrangement 
of molecules in the film is hexagonal close packing. 
 






















      (2.29) 
 
If the sample does not contain micropores  the t-plot can be extrapolated to the origin, 
since the slope represent the total surface area St of all the pores, that is where is the 
volume of gas adsorbed corrected to standard conditions of temperature and pressure and 
the constant 15.47, which represents the conversion of the gas to liquid nitrogen based on 
its molecular weight and specific volume (Linsen, 1970) 
STP
adsV
Using the slope, s of the t-plot, mesopore surface area, denoted by SME can be obtained 
from the equation: 
47.15×= sSME       (2.30) 
 
In the absence of micropores there is good agreement between the t-area, St, and the 
surface area determined by the BET method. 
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When the micropores are present the t-plot will exhibit a positive y-axis intercept.  
Qualitative pore volume data from t-plot cannot be obtained below t=3.5Å, 
corresponding to pores smaller than 7 Å wide, since this t value represents the diameter 
of a nitrogen molecule.  The intercept, i, in the t-plot y axis, when converted to a liquid 
volume, gives the micropore volume, VMP ; that is: 
001547.0×= iVMP        (2.31) 
 
The two linear regions of the t-plot indicate the presence of micropores larger than 7Å 
and the pore width (2t) can be estimated at the position where the two linear plots 
intersect.  The slope of the upper liner portion of the t-plot gives the mesopore surface 
area using equation 2.30, while the slope of the lower linear portion represents the total 
surface area of all pores.  The intersection between two linear branches indicates the 
presence of micropores of about 2 x statistical thickness. 
 
The linear BET region for microporous material generally occurs at relative pressure less 
than 0.1.  The linear t-plot range will be found at higher relative pressure and is 
dependent on the size distribution of the micropores.  The micropore surface area, SMP, 
then is the difference between the BET surface area and the mesopore surface area from 
the t-plot.  That is, 
MEBETMP SSS −=        (2.32) 
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 Similar calculation can be done also for mesopore volume, which is the difference 
between the total pore volume, Vliq of the equation 2.18 and micropore pore volume, VMP 
of the equation 2.31 
MEliqMP VVV −=        (2.33) 
 
 
While many literature has shown more recent advance in adsorbent characterization such 
as by Do et al. (2001) and Morishige et al. (2004), but this theoretical development of 
microporous and mesoporous adsorbent characterization are beyond the scope of this 












3.1 Mesoporous Carbon Adsorbent 
Coconut shells, the precursor for mesoporous carbon adsorbent were obtained from West-
Java, Indonesia.  For comparison on physical properties and performances in the liquid 
phase, coconut-shell-derived mesoporous carbon is compared with granular commercial 
carbon, manufactured by Calgon Carbon Corporation under the name of Filtrasorb-100.  
The coconut shells was trimmed of its fibers, cut into smaller pieces, and then crushed 
into coarse granules.  The crushed shells were then oven dried at 110°C for 24 hours.  
Dried shells were broken up using a commercial laboratory blender (Waring, 34BL99, 
8012) and then sieved for 1000 micron size.   
 
Mesoporous carbon is prepared by using chemical and physical activation, successively.  
For chemical activation, the dried shells were impregnated using zinc chloride (Merck, 
AR-grade) solution and the solution was stirred overnight under 50ºC.  Different 
concentrations of zinc chloride were used, using different shell-to-zinc chloride ratio 
(w/w) from 1:2 to 1:4. After drying chemically-carbonized shells in the oven at 110ºC 
overnight, they were then subjected to physical activation.  Physical activation was done 
at temperature of either 800 or 400°C, under a constant flow of activating gas(es).   
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In summary, the paramenter to look at from activation at 800°C with CO2 activating gas 
is the effect with different ZnCl2 ratio to the development of mesoporosity, while from 
activation at 400°C are the effect with different activating gases with its combination and 
different activation time.  
 
Experiments in this project was done with common experimental design. However, due 
to the limited extent of experimental variables that have been investigated, a rigorous 
experimental design procedure was not adopted. 
 
3.1.1 Activation at 800°C 
Activations at 800°C were performed by maintaining the temperature at 800°C under 
CO2 as the activating gas for 2 hours, after impregnation using different zinc chloride 
concentrations.   The dose of zinc chlorides ranged from 1:2 to 1:4 shell-to-ZnCl2 (w/w).  
Quartz silica tubes were used in this experiment, and the experimental setup arrangement 
is shown in Figure 3.1.  While the flow of CO2 or N2 was controlled by a flow meter, this 
activating gas passed through a T-way joint before entering the quartz silica tube reactor.  
 
The sequence of the activation process is as follows:  
Dried and sieved coconut shells (1-2mm) were first impregnated with zinc chloride by 
employing different concentration ratios of shell-to-ZnCl2 (w/w), ranging from 1:2 to 1:4 
as shown in Table 3.1.  Chemically-activated chars were then dried at 110°C for 24 hours 
before loading into quartz silica reactor tube (1200x33xΦ30mm) into a horizontal furnace 






















The activated carbon product was cooled down to room temperature, and then washed 
successively with deionised water, before soaking in 0.1M (by diluting 3ml of HCl into 
1L of H2O) of HCl solution for 3 hours under constant stirring to remove zinc and 
chloride residue from the carbon surface.  Subsequently, hot deionised water (at 80ºC) 
was used to remove all traces of inorganic substances, before the carbon was dried at 
110°C overnight. 
Table 3. 1 Experimental Paramenters for Activation at 800°C 
gas (5 l/h) for 15 minutes before temperature ramping at the rate of 10°C/min to reach 
800°C.  After maximum temperature was achieved (at 800°C), the gas was switched to 















































































3.1.2 Activation at 400°C 
Activations at 400°C were carried out using different zinc chloride concentrations and 
with a combination of activating gases and activation time. 
Figure 3.2 is the experimental setup for activation at 400°C.  Similar to activation at 
800°C, CO2 and N2 gases were fed at the rate of 5l/h.  Meanwhile, dilute steam (steam 
with N2 carrier at 5l/h) produced by pumping deionised water from the reservoir through 
heating tapes by means of a peristaltic pump (Eyela MP-3) at rate of 0.7-1.0 ml/min was 
mixed with the feed gas. Activating gas(es) passed through a T-way joint before entering 
stainless steel reactor that enclosed the activated with disposable stainless steel filters 
(100 mesh) at both ends. 
 
For activation at 400°C, the sequence of the activation process is as follows:  
Zinc chloride was used as the impregnating agent in ratios varying from 1:3 to 1:0 (zinc 
chloride-to-shell, w/w).   Chemically carbonized chars were dried at 110°C for 24 hours 
before they were loaded into the stainless steel tube reactor (300x25xΦ22mm), and then 
placed in the horizontal furnace After loading, the reactor was purged with N2 gas or CO2 
(5l/h) for 15 minutes prior to temperature ramping at 10°C/min to reach 400°C.   When 
the maximum temperature was achieved, (at 400°C) the gas that was used in the 
temperature ramping was then switched to the activation gas such as: N2 or CO2 (5l/h), or 
dilute steam (0.7-1.0 mL/min of H2O with 5 l/h of N2 carrier).  These conditions are 
maintained for 2, 4 or 6 hours.  Post treatment was the same as for activation at 800°C.  






Activation Gas(es) Activating 
Time
CO2 2 hours






CO2 + steam 4 hours
N2 + steam and CO2 + 
steam switch on every hour 
interval 6 hours
N2 + steam and CO2 + 
steam switch on every 2 











































































































3.1.3 Characterization by TEM 
TEM was used for characterization of morphology and external pore sizes.  The TEM 
micrographs were taken with a TEM model JEM-2010F, using an accelerating voltage of 
200 kV.  The sample was prepared by grinding to a fine powder.  A small amount of 
sample was transferred to an acetone solution, and was then sonicated for 1 hour.  After 
sonication treatment, the vial was subjected to gravitational sedimentation for around 10 
minutes, before the upper part of the solution (which contained carbon particles) was 
withdrawn by a disposable plastic pipette and placed onto Cu grids coated with 
amorphous carbon films.  The volatile acetone vaporized quickly, leaving carbon 
particles on Cu grids for observation. 
 
3.1.4 Characterization by TGA 
Thermogravimetric Analysis was performed using TGA 2050 Thermogravimetric 
Analyzer, Balzers Instruments Thermostar (GSD 300 T3 Gas Analysis System).  20-25 
grams of commercial carbon or carbon sample were taken in every run and weight loss 
was recorded in the range from ambient to 900°C with the ramping of 10°/min.  The 
experiment was conducted in N2 at a gas flow of 100 mL/min.   
 
3.1.5 Characterization by BET 
Adsorption-desorption isotherms, surface area and pore volume determination of the 
carbon adsorbents were obtained and analyzed using gas sorption analyzer (Nova-3000 
Series, Quantachrome). All the samples were degassed overnight at 100°C under 10 
ml/min nitrogen gas of flow prior to analysis. After measuring the weight, the sample was 
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subjected to constant temperature (77K) and different relative pressures.  The BET 
equation was then employed for surface area measurement, while BJH method was used 
for obtaining pore size distribution.  In addition, the mesoporous surface area and 
micropore volume was determined using t-plot method, at which the total pore volume 
was estimated to be the liquid volume of nitrogen at a relative pressure of about 0.99.  
The mesoporous volume (VMP) was then calculated by subtracting the micropore volume, 
(VME) from the total pore volume (Vliq) from equation 2.31.  The t-plot was plotted with 




Methylene blue, tartrazine, violamine-r, and phenol red were chosen as adsorbates for 
several reasons.  Each adsorbate has a different molecular size and structure.  In addition, 
the adsorbates have different solubilities and different affinities for the carbon surface. 
Methylene blue is a medium sized molecule with rod-like structure; tartrazine represents 
a longer rod-like structure ; violamine-r is a long and wide molecule with bulkier side 
chain; phenol red is a medium-size molecule with a “roundish” structure.  The molecular 
dimensions of the adsorbates are summarized in Table 3.3, which computed using 
ACD/Chemsketch Version 5.12, while molecular weight and solubility in water are taken 






















ethylene Blue 373.9 14.3 6.1 1.8 50.0
Tartrazine 534.4 17.2 6.2 2.5 300.0
iolamine-R 662.6 19.9 11.4 6.0 100.0
Phenol Red 376.4 10.4 9.5 6.2 100.0
V
 



















Figure 3. 3 Molecular Structure of Methylene Blue [C16H18ClN3S.3H2O] 
 
Methylene blue is a cationic thiazine dye.  It serves as an antiseptic in veterinary 
medicine and being antimethemoglobinemic, as an antidote for cyanide poisoning in 
human and animals.  Probably it’s most important application is as an in vitro diagnostic 
in bacteriology, cytology, hematology and histology (Floyd, 1991) 
 




























Figure 3. 4 Molecular Structure of Tartrazine [C16H9N4Na3O9S2] 
 
Tartrazine is a yellow, anionic monoazo dye that is very soluble in water.  It is prepared 
by coupling diazotized sulfanilic acid to 3-carboxy-1-(p-sulfophenyl)-5-pyrazolone and 
converting the coupling product to the trisodium salt. 
Industrial uses include dyeing wool, silk, nylon, leather and paper, preparing writing inks 
and wood stains and coloring anodized aluminum, soap and casein plastics.  A highly 
purified form is used as a food dye, vitamins, and cosmetics (Floyd, 1991). 
 




































Figure 3. 5 Molecular Structure of Violamine-R [C34H25N2NaO6S] 
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Violamine-r is a violet, acid rhodamine dye that is made by condensing to moles of o-
toluidine with one mole of 3',6'-dichlorofluoran to form Solvent Violet 10, which is then 
sulfonated and converted to the sodium salt.  Very soluble in methyl cellosolve and 
water, it is used to dye wool, nylon, silk and chromed leather, to print wool and silk 
directly, to stain wood and to color soap and anodized aluminum.  Its heavy-metal salts 
serve as pigments that are used for coloring paper coating and artist’s watercolor (Floyd, 
1991). 
 





















Figure 3. 6 Molecular Structure of Phenol Red [C19H13NaO5S] 
 
Phenol red is an important member of the sulfonephthalein list of acid-base indicators.  It 
is made by condensing two moles of phenol with one mole of o-sulfobenzoic acid 
anhydride.  This monosodium salt, or water-soluble form, is freely soluble in water and 
the lower alcohols.  Phenol red is the precursor for Bromophenol Blue, a sulfonephthalein 
that has been used extensively in the photocopying industry.  In addition, it is used 
widely in culture media for identifying acid-producing bacteria (Floyd, 1991).
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3.3 Adsorption Isotherm 
A Langmuir adsorption isotherm is used to measure the performance of mesoporous 
carbon in the liquid phase application, while at the same time compares them with 
commercial carbon (Filtrasorb-100). 
A series of solutions was prepared by diluting 1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 15.0 and 20.0 
mL of 10,000 ppm of adsorbate into 100 ml solution.  0.2 grams of carbon adsorbent was 
transferred into each of the solutions. The slurries were mixed on an orbital shaker 
(FINEPCR, SH-30) for 2 days. The concentrations of the solutions were then analyzed by 
UV spectrometer (Shimadzu, UV-3101PC) for quantitative analysis.  Solution and sample 




Thermal regeneration was done under inert atmosphere (N2) to minimize carbon loss, and 
also setting the temperature only up to 400°C.  Fig 3.3 is the schematic diagram of 
thermal regeneration experimental setup. 
 
The sequence for regeneration is as follows: 
Spent carbon was oven-dried at 110°C for 24 hours before loading in to a stainless steel 
reactor for thermal treatment.  The regeneration was done under inert atmosphere, which 
provided by constant flow of N2 at 5 l/h.  The temperature was ramped at rate of 
10°C/min to reach 400°C, and then these conditions were maintained for 1 hour.  The 
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3.5 Re-Adsorption of Regenerated Mesoporous Carbon 
After being thermally regenerated at 400°C for 1 hour under N2 gas, mesoporous carbon 
were re-applied in the respective adsorbates solution for the second time.  This is to 
evaluate and compare with BET result of the restored adsorption capacities in 
mesoporous carbons.  The procedure is as follows: mesoporous carbon was saturated 
with adsorbate in liquid phase, by transferring 0.2 grams of mesoporous carbon into 20ml 
of 10,000 ppm adsorbates (tartrazine, violamine-r or phenol red), and diluting it into 100 
ml volumetric flask.  Similar to the first application, samples were mixed on an orbital for 
2 days at room temperature (24°C).  The concentration of the solutions were 
quantitatively analyzed using UV-Visible Spectrometer (Shimadzu, UV-3101PC), and the 
result compared with previous result obtained prior to thermal regeneration.  The ratio of 
saturation capacity of second application to first application is compared with 
regeneration efficiency of mesopore volume (from BET results) to evaluate the restored 







































































CHAPTER 4  RESULTS AND DISCUSSION 
 
 
4.1 Activation at 800°C  
Activations at 800°C were done under CO2 activating gas for 2 hours, and with different 
of ratios of coconut shell to ZnCl2 by percentage weight.   
 
4.1.1 BET Experimental Results 
4.1.1.1 BJH – Pore Size Distribution dV/dD 
Figure 4.1 shows schematically the development of pore sizes with increasing ZnCl2 
































Sample 1 : 2.0
Sample 1 : 2.5
Sample 1 : 3.0
Sample 1 : 3.5
Sample 1 : 4.0
 





As we can see from the results shown in Figure 4.1, commercial carbon (Filtrasorb-100) 
contains mainly micropores, with only small amount of mesopore pore volume compared 
with mesoporous carbon.  The small mesoporosity of Filtrasorb-100 results from pores in 
the diameter of 36-38 Å.  Within mesoporous carbon, increasing ZnCl2 concentration 
increases mesopore volume, particularly around a pore diameter of 35Å.  This trend 
reaches maximum at a ratio of 1:3.5. At this concentration, another strong peak appears 
around 22 Å,.   
Further increase in ZnCl2 content up to 1:4 result in decreasing pore volume around 35Å 
and 22Å, but it possesses higher “tailing or valley” in larger pore diameter range, 
particularly around 50Å or greater. 
 
Thus, these result suggested that the activating agent ZnCl2 widened existing pores, so 
that a significant amount of micropores became mesopores, i.e. mesopores increase with 
increasing ratio of zinc chloride to shell.   
 
4.1.1.2 Pore Surface Area and Volume 
The characterization of carbon adsorbent was done using the following: multiple BET for 
specific surface area computation; BJH method for total pore volume and average pore 
diameter determination; and deBoer t-plot method for external surface area and 
micropore pore volume calculation.  Subtracting micropore pore volume from its total 
pore volume gives mesopore pore volume.  Table 4.1 is the summary of pore surface area 
and volume of commercial carbon (Filtrasorb-100) and mesopore carbon adsorbents.  The 
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percentage yield for all mesoporous carbon are in the range of 30±3 %, where increasing 
ZnCl2 concentration decreases product yield by around 1%. 
 
 






















Commercial 819.65 18.38 0.47 0.45 0.02 5.38
1:2 1533.34 31.95 0.92 0.87 0.05 5.87
1:2.5 1609.70 75.09 1.15 1.09 0.06 5.89
1:3 1672.44 174.35 1.41 1.11 0.30 27.49
1:3.5 1758.82 327.40 1.54 0.96 0.58 60.08
1:4 1669.33 387.82 1.70 1.04 0.67 64.25
 
Increase of ZnCl2 content results in an increase of mesoporosity (that is, mesopore 
surface area and volume).  The dominating effect of ZnCl2 impregnation is pore 
widening, while keeping the micropore volume low.  A sudden increase jump in the ratio 
% of meso:micro-porosity (by vol) occurs between ratio greater than 1:3 of shells:ZnCl2 
(w/w), which suggested that high ZnCl2 / shell ratio favored production of highly 
mesoporous activated carbon. 
 
4.1.1.3 N2 Adsorption Isotherm 
An understanding of the surface area and porosity can be achieved by the construction of 
an adsorption isotherm.  A comparison between Filtrasorb 100 and mesoporous carbon 
from 3:1 ratio of zinc chloride to shell is illustrated in Figure 4.2.  
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According to Brunauer, Deming, Deming and Teller’s (BDDT) (Brunauer et al., 1940) 
classification, commercial carbon falls into Type I, where the isotherm are concave to the 
relative pressure axis and the amount of adsorbate approaches a limiting value as relative 
pressure approaches 1. This type I physisorption isotherm are displayed by microporous 
solids having relatively less amount of external surfaces.  The limiting uptake of 
adsorbate is governed by the accessible micropore volume rather than by the internal 
surface area. 
 
On the other hand, mesopore carbons are of Type IV, in which the isotherm is associated 
with capillary condensation in mesopores region, indicated by the steep slope at higher 


























Sample 1 : 3.0
Commercial
 





4.1.1.4 Adsorption - Desorption Isotherm 
de Boer (Linsen, 1970) has showed that in practical cases the shape of the hysteresis loop 
may lead to a more or less detailed picture of the shape of the pores present in a certain 
adsorbent.  De Boer distinguished five different types of hysteresis loops, three of which 
have proved of great importance in the interpretation of sorption isotherm as can be seen 
in Fig 4.3. 
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Figure 4. 3 deBoer classification of types of Hysteresis Loops 
 
Type A hysteresis has two very steep branches and can be related in its simplest form to 
cylindrical pores open at both ends.   
As we can see in Fig 4.4 the commercial carbon (Filtrasorb-100) falls under Type B, 
which is characterized by a steep desorption branch at intermediate relative pressures  
This type of hysteresis may be caused by slit-shaped pores open at all sides.  
Mesoporous carbon on the other hand lies on E type hysteresis loop, which is the 
intermediate between type A and B.  While desorption is steep, the adsorption branch is 
sloping.  This type of hysteresis is caused by the distribution of cylindrical shaped pores 
with narrow necks of rather uniform diameters, but with wide bodies of different 


























Sample 1 : 3.0
 
Figure 4. 4 Adsorption-Desorption Isotherm of commercial carbon and mesoporous carbon (1:3 






Figure 4. 5 Schematic diagram of mesopore carbon pore structure that have narrow necks of rather 






Adsorption-desorption isotherms for all of mesoporous carbons prepared with different 
ZnCl2 contents are shown in Fig 4.6.  In this figure, increasing ZnCl2 concentration 
results in transition from type I to type IV.   Sample of shell-to- ZnCl2 ratio of 1:2.0 (by 
w/w.) may have more resemblance for type I compared to type IV.  However, increasing 
ZnCl2 concentration to 1:2.5 ratio increases its resemblance for type IV than I.  
Distinctive hysteresis for Type IV is obvious in 1:3.0 shell-to-ZnCl2 ratios (by w/w), 
where there is a sudden steep slope of adsorption at higher relative pressure.  Steeper 
slope at high relative pressure that exists in sample 1:3.5 and 1:4.0 ratios (as comparison 
with 1:3.0 ratios) indicates more capillary condensation in the mesoporous region.  
Adsorbent with concentration ratio of 1:4.0 have more volume adsorbed at higher relative 
pressure compared to adsorbent with concentration ratio of 1:3.5 due to more developed 



















































































































































4.1.1.5 Effect of Precursor Size on Porosity 
The experiments were conducted with a series of sizes of coconut shell raw materials: 
700-1000 micron, 1000-2000 micron and 2000-3000 micron.  Porous properties, such as 
specific surface area, mesopore surface area, total pore volume, micro-mesopore volume, 
and ratio % of meso:micro-porosity are compared in Table 4.2 and 4.3. 
 
Table 4. 2 Comparison between coconut shell diameter of 0.7 to 3 mm on porous properties [from 1:3 
shell-to-ZnCl2 ratio (w/w)] 
 


















Ratio % Meso 
: Micro 
porosity (vol)
2000-3000 1467.54 98.85 1.01 1.121 0.204 18.20
1000-2000 1628.48 142.49 1.39 1.127 0.263 23.34
710-1000 1766.73 263.99 1.48 1.111 0.369 33.21  
Table 4. 3 Comparison between coconut shells diameter of 0.7 to 3 mm on porous properties [from 
1:3.5 shell-to-ZnCl2 ratio (w/w) ] 
 


















Ratio % Meso 
: Micro 
porosity (vol)
2000-3000 1529.45 113.54 1.18 0.936 0.244 26.07
1000-2000 1758.82 275.5 1.54 0.963 0.577 59.92
710-1000 1798.13 328.1 1.55 0.954 0.598 62.68  
 
From both Tables 4.2 and 4.3, it is clear that the size of the starting material has an 
impact on the physical properties of final product.  Similar to high zinc chloride 
concentration ratio to shell by w/w at which it widens mesopore surface area and volume 
significantly, smaller diameter of starting material will also have higher concentration of 
zinc chloride concentration ratio to shell compared with larger diameter of starting 
material.   
 66
 4.1.1.6 Effect Of Breaking-Up Coagulated Chemically-Carbonizates To Final Product’s 
Porous Properties 
After the coconut shells were impregnated with zinc chloride, dried carbonized chars are 
usually tends to be aggregated.  The choice of whether to load carbonized char for 
physical treatment in the form of aggregate or as loose particles may have an impact on 
porous properties.  This was tested by comparing the results of disaggregation of particles 
prior to pyrolysis.  Table 4.4 shows the comparison between the aggregated and 
disaggregated particles. 
 






















Meso : Micro 
porosity (vol)
Yes 1628.48 142.49 1.39 1.127 0.263 23.34
No 1378.93 56.42 0.99 0.88 0.11 12.50
 
Disaggregation of increases product specific surface area, mesopore surface area, total 
pore volume, micropore volume, and mesopore volume.  Disaggregating particles 
increases ZnCl2 exposure to exterior surface area of carbon and thus allowing more 
efficient carbonization, and creating the formation more porous structure in carbon 
matrix..  As the consequence, the dissagregation yields better material properties 
compared with the original aggregated particles. 
 
4.1.2 Pore Structure by Transmission Electron Microscope (TEM) 
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Figures 4.7 and 4.8 are TEM images of commercial carbon (Filtrasorb-100) and 
mesoporous carbon (1:3.5 of shell-to-ZnCl2 by w/w) respectively, 
 
Figure 4. 7 TEM image of commercial carbon (Filtrasorb-100) 
 
 
Figure 4. 8 TEM images of carbon sample-1 (1:3.5 shell-to-ZnCl2 by w/w) 
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Figure 4.9 is the TEM image of mesoporous carbon of shell-to-ZnCl2 concentration ratio 
of 1:3.5 by w/w in the scale factor of 50 nm. 
The commercial carbon shows a regularity in the pore structure (Fig 4.7), while mesopore 
carbon shows irregularity (Fig 4.8 and 4.9).  The commercial carbon are (Filtrasorb-100) 
are petroleum-based material, which have regular structure; while the mesopore carbon 
that are from wood-based material, are less regular in structure.  Note that the pores 
within carbon surface are corresponds to the light-coloured patches through which the 
electrons were able to passes through.  The external pore diameters for commercial 
carbon are shown to be around 20Å, while for mesopore carbons are in the range of 30Å.  
 
 
Figure 4. 9 TEM images of carbon sample-2 (1:3.5 shell-to-ZnCl2 by w/w) 
 
Thus from TEM result, we can see the impact that zinc chloride impregnation has on the 
development of mesoporosity of the carbon adsorbent compared with commercial carbon. 
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Figure 4. 10 TG of commercial carbon (Filtrasorb-100) and mesopore carbon (1:3.0 of shell-to-ZnCl2 
by w/w) 
 
Mesoporous carbons show better thermal stability compared with commercial carbon, as 
illustrated in Fig 4.10.  Mesopore carbon shows the stability up to around 600°C, while 
commercial carbon shows the stability only up to around 500°C.  The trends in which 
both carbons decomposed also suggest the nature of the raw material in terms of hardness 
or density.  The hardness or density of coconut shells is higher (density= 1.46) than 
density of commercial-carbon’s raw material for commercial carbon (density= 1.25) 
(Bansal, 1988)  As a result, the decomposition of mesoporous carbon starts at higher 
temperature but its degradation is more abrupt compared with commercial carbon.  The 
commercial carbon’s raw material may come from soft coal, such as soft bituminous 
coal.  Therefore, although its decomposition starts at lower temperature, its degradation is 
more gradual.  Note that in this comparison, zinc chloride has no or little effect on the 
decomposition as the carbon has already been washed from inorganic trace. 
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4.2 Activation at 400°C  
Activation at 400°C were performed using different ratios of shell : zinc chloride by w/w, 
under different gases/ combinations as mentioned earlier in the Material and Method 
section.  The characterization used to analyze series of activations at 400°C was done 
using the BET method.  All of the experiments has been repeated two times and shows 
agreement within 5-14%. 
There are three main reasons for investigating activation at 400°C: 
1. To increase percentage yield of resulting carbon product.  The yield for 400°C are 
generally increase by around 15% (from around 30% to 45%) compared with 
activation with 800°C. 
2. For reducing energy cost of the thermal activation process. 
3. To optimize the usage of ZnCl2 activation, at which is starts to evaporate at 
around 350°C (from practical observation). 
 
4.2.1 Experiments Using Nitrogen Gas during Temperature Ramping/ 
Cooling  
All experiments were done under inert conditions, except during activation period/ 
dwelling time.  Nitrogen gas was used to purge the system during temperature ramping. 
 
4.2.1.1 Experiments without chemical impregnation and with 2 hours activation time 
In the case when no zinc chloride was used, either CO2 or dilute steam (steam + N2) was 
used as the activating gas.  Drastic difference in activation between CO2 with dilute 
steam (N2+steam) can be seen such as the development of mesopore surface area and 
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volume (Table 4.5).  Steam induces greater widening of the micropores compared with 
steam.  Reinoso et al. (1995) have shown that microporosity widening is observed in all 
of their experiments prepared with steam, and this activating agent is the parameter 
controlling to a larger extent to the development of porosity.  They also showed that CO2 
produces an increase in microporosity in the early stages of activation, whereas steam is 
more effective in microporous widening. Therefore steam activation produces a larger 
development of meso- and macroporosity than carbon dioxide activation.  Such high ratio 
percentage of meso:micro-porosity (by vol.) in the activation using dilute steam shows 
that the main function of steam is pore widening.   
 


















Ratio % Meso : 
Micro porosity 
(vol)
2 CO2 only 1.244 0.00138 0.00123 0.00015 12.20
2 N2 +steam 4.39 0.028 0.00241 0.02559 1061.83  
 
4.2.1.2 Experiments under 1:3 ratio of shell-to-ZnCl2 (by w/w) and with 2 hours 
activation time 
For experiments using 1:3 ratio of shell-to-ZnCl2 impregnation, activating gas(es) used 
are either N2, CO2 or CO2+steam. CO2 activation increases all of activated carbon’s 
physical properties compared with N2, due to its higher reactivity (Table 4.6).  On the 
other hand, direct usage of CO2 and steam at the same time decreases porosity 
development of adsorbent (Table 4.6).  This is because steam increase N2 volume and 
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decrease in CO2 volume, while CO2 on the other hand increase CO2 volume. The result 
has shown consistency, as activation by either CO2 or presumably steam+N2 alone 
renders better porosity development compared with combined CO2 and steam+N2 
activation.    Thus, direct combination of CO2 and steam at the same time gives a 
neutralizing effect on the development of pore structure. The effect is so detrimental that 
the resulting properties from this combination are lower than the material even from N2 
activating gas alone, except for the mesoporous properties.  But even so, it is still much 
lower than using CO2 activation alone. 
 
Table 4. 6 Activation with chemical impregnation (1:3.0) and with either N2, CO2 or 



















Ratio %  Meso : 
Micro porosity 
(vol)
2 N2 only 836.21 19.4 0.502 0.472 0.030 6.36
2
CO2 
only 1260.57 73.47 0.830 0.709 0.121 17.07
2
CO2 + 
steam 743.17 22.39 0.457 0.418 0.039 9.33  
 
4.2.1.3 Experiments under 1:2 ratio of shell-to-ZnCl2 (by w/w) and with either 2, 4 or 6 
hours activations time. 
Experiments under 1:2 chemical ratios were done in three different activation times: two, 
four and six hours.  While CO2 and CO2+steam were used as activating gas with different 
activation time, the sequential combinations of these gases were also studied.  This was 
done by, using dilute steam (N2+steam) for the first two hours with and then CO2+steam 
for the last two hours.  In addition, six hours activation was done by alternating 
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(N2+steam) and (CO2+steam) switching on every hour.  The resulting properties of these 




Table 4.7 Summary of material properties from activation with chemical 
























Ratio % of 
Meso : Micro 
porosity (vol)
2 CO2 only 933 25.85 0.570 0.532 0.038 7.14
4 CO2 only 1184.66 32.83 0.728 0.671 0.057 8.49
4 CO2+steam 609.76 13.12 0.368 0.344 0.024 6.98
4
1st 2 h: 
N2+steam; last 2 





switch on every 
hour 1167.6 67.83 0.782 0.664 0.118 17.77  
 
For the comparison of carbon material of the first two rows that uses CO2 only, we can 
see that increase in activation time (in this case, from 2 hours to 4 hours) will increase the 
porosity development and surface area.   In this condition, 4 hours activation decreases 
the percentage yield by 4% (from 47% to 43%). 
 
For comparison between three samples using 4 hours activation but with different 
activating gas and combinations, the following conclusion can be made used are based on 
Table 4.7: 
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1. As previously explained, direct application of CO2+steam in this 1:2 chemical 
ratio also yields a low properties material compared with CO2 only. 
2. However, changing the first two hours of this gas combination to diluted steam 
(N2+steam), gives a much better carbon material compared with 4 hours 
activation with CO2 in all of the resulting physical properties (specific and 
mesopore surface area, total and mesopore pore volume, and with % ratio of 
meso:micro-porosity by volume).  
 
Lastly, carbon material prepared using 6 hours activation time using alternate dilute 
steam (N2+steam) and (CO2+steam) every hour yielded better mesoporous properties 
(mesopore surface area and pore volume) compared with 4 hours activation with CO2.  
While pore development and volume increases, the material’s specific surface area is 
somewhat less developed compared with 4 hours activation with CO2.   
 
Comparing combination of gases between 4 hours and 6 hours activation time, one may 
expect that the later will have much better porosity development due to longer thermal 
activation.  However, the combination of activating gas plays a major part in this 
development, and the efficiencies in pore development of 6 hours activation are much 
less compared with only 4 hours sequential dilute steam and steam+CO2 (as we can see 
from almost comparable result on Table 4.7 between the two method).  The later uses 
optimum usage of diluted steam which seems to require at least 2 hours dwelling before 
switching to CO2+steam.   
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Table 4.8 gives a comparison of the physical properties of materials that have been 
prepared by using 400°C and 800°C activation.  
Table 4. 8 Comparison for mesoporous properties between activation at 400°C and 800°C 
Acti-vation temp 




















Ratio %  Meso 
: Micro 
porosity (vol)
800°C - 2h 20 CO2 only 1533.34 31.95 0.92 0.869 0.051 0.06
400°C - 4h 45
1st 2 h: N2+steam; 
last 2 h: 
CO2+steam 1351.01 63.19 0.860 0.762 0.098 0.13  
 
 
From Table 4.8, it can be concluded that the advantageous properties of carbon that has 
been prepared at high temperature (800°C) using CO2 gas can be also achieved at low 
temperature (400°C) by using longer activation time and with combination of activating 
gases to offset low temperature activation.  The combinations of gases used for activating 
carbon were sequential diluted steam (N2+steam) and followed by CO2+steam for total of 
4 hours.  The resulting mesopores carbon from 400°C activation possesses better 
mesoporous properties: higher mesopore surface area, higher mesopore pore volume, and 
higher ratio of meso:micro-porosity by pore volume.  This higher mesoporous material 
properties are even achievable with higher percentage yields (45% compared to 20% 
yield) due to lesser thermal decomposition and also less energy requirement for good 
potential commercial feasibility. 
 
 
4.2.2 Experiments with Carbon Dioxide during Temperature Ramping 
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Activation experiments using non-inert environment was performed using carbon dioxide 
gas purging 15 minutes prior to start of experiment and also during temperature ramping 
at the rate of 5 l/h.  At the end of activation, cooling process was done under N2 at the 
same rate. 
 
Generally, manufacturing activation carbon involves two steps, of which the first step is 
carbonization of raw carbonaceous materials.  Carbonization steps involves thermal 
decomposition of the carbonaceous material, eliminating non-carbon species and 
producing a fixed carbon mass with a basic, undeveloped pore structure (Hu and 
Srinivasan, 2001a).  The process of carbonization is usually done in an inert atmosphere, 
that is, under N2 flow. 
In these following experiments, we have also investigated the effect of changing 
carbonization process which was initially done in inert condition (constant N2 flow) into 
CO2 in series of experiments. 
 
4.2.2.1 Experiments under 1:2 ratio of shell-to-ZnCl2 by w/w for 4 hours activation time 
using CO2+steam gases 
As mentioned previously, the effect of direct application of both CO2 and steam at the 
same time prior to dilute steam is detrimental to the development of the pores.  However, 
Table 4.9 shows that application of CO2 in place of N2 purging before start of experiment 
and during temperature ramping increases all material properties quite significantly.  
Product yield however, is lower by 6 % (from 48% to 42%). 
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Table 4. 9 Comparison of 1:2 chemical ratio between N2 and CO2 purge prior 























Ratio % of 




+steam 609.76 13.12 0.368 0.344 0.024 6.98
CO2 
CO2 
+steam 790.85 22.99 0.487 0.446 0.041 9.19  
 
4.2.2.2 Experiments under 1:3 ratio of shell-to-ZnCl2 by w/w. for 2 hours activation time 
using CO2 gas 
Similar to results obtained for 1:2 shell-to-ZnCl2 ratio by w/w and with 4 hours 
activation, the trend of increasing material properties are also observed in 1:3 chemical 
ratio and with 2 hours activation (Table 4.10).  Here, there are significant increases in the 
specific total surface area, mesopore surface area, total pore volume and micropore 
volume.  However, other properties, such as mesopore volume and ratio % of 
meso:micro-porosity by volume are somewhat less than the material that uses N2 purging.  
Reinoso, et al., (1995) has shown that carbon dioxide produces an opening, and followed 
later by widening of the pore.  While carbon dioxide purging prior and during 
temperature ramping helps in creating new micropores, the latter process (which is pore 
widening) does not fully develop under this time (2 hours) and/ or temperature (400°C).  
Therefore, although the specific surface area is very high (1411.22 m2/g), CO2 activation 
has not been able to provide enough energy or time to sufficiently widen the pores. 
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Table 4. 10 Comparison of 1:3 chemical ratio between N2 and CO2 purge prior 























Ratio %  of 
Meso : Micro 
porosity (vol)
N2 CO2 1260.57 73.47 0.830 0.709 0.121 17.07




4.3 Adsorption Isotherms for Adsorbent Application in Liquid 
Media 
Application of activated carbon on the liquid phase viz adsorption isotherm is done to 
show the performance of respective adsorbent to adsorb pollutant with various structures 
and sizes.  Activated carbons are essentially hydrophobic, and thus provide good 
adsorption for non-polar molecules such as hydrocarbons and dyes (Reinoso et al., 2001)  
The performance of commercial carbon is compared with that of mesoporous carbon at 
room temperature.  As previously indicated, Filtrasorb-100 is used to represent 
commercial carbon, while carbon synthesized at 800°C and using 1:3 of shell-to-ZnCl2 
ratio (by w/w.) is used to represent mesoporous carbon.  For the adsorbate, methylene 
blue (MB), tartrazine (TZ), violamine-r (VR), and phenol red (PR) are used.  All of the 
experiment has been repeated twice with value ranging from 2-5% error.  Table 4.11 is 
the summary of dimensional information of adsorbates that were computed using 
ACD/Chemsketch Version 5.12, and also its molecular weight and solubility in water that 
taken from Floyd, 1991.  The choices for these adsorbates are made due to: 1) the 
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extensive use of these chemicals in research, industries, and in daily routine life and 2) 
the structures of these chemicals that represents different configuration of sizes and 
shapes.  Points of comparison in the performance of active carbon are saturation capacity 
(qs) and Henry’s Constant. 
 














Methylene Blue 373.9 14.3 6.1 1.8 50
Tartrazine 534.37 17.2 6.2 2.5 300
Violamine R 662.64 19.9 11.4 6 100
Phenol Red 376.36 10.4 9.5 6.2 100  
 
4.3.1 Adsorption Isotherm of Methylene Blue 
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The structure of methylene blue in 3-dimensions is drawn in Figure 
4.11
 
Figure 4. 11 3-D representation of Methylene Blue 
 
Figure 4.12 and 4.13 shows that the mesoporous carbon has greater adsorption saturation 
capacity compared with commercial carbon (Filtrasorb-100).  The saturation capacity for 
mesoporous carbon is about of 2.8 times greater than commercial carbon.  Since only 
pores larger than the size of the adsorbate molecules are accessible to the adsorbent, 
Figure 4.12 and 4.13 clearly show that 1:3 ratio of ZnCl2-to shell (by w/w) activated 
carbon have much larger amount of mesopore’s volume and surface area compared to 




In addition, it also shows that the mesoporous carbon also has a large Henry’s Constant 
compared with the commercial carbon.  Although Figure 4.12 shows a sudden increase of 
adsorption from commercial carbon at a very low concentration, the mesoporous region 
within commercial carbon is very limited, and thus the adsorption curve saturates soon 
after that.  Therefore, mesoporous carbon is also an adsorbent of choice for application in 
the low concentration region.  Mesoporous carbon has greater affinity for the adsorbate at 



























Figure 4. 12 Adsorption Isotherm of Methylene Blue between Commercial and Mesopore Carbon 

















































4.3.2 Adsorption Isotherm of Tartrazine 
Tartrazine structure in 3-dimensional form is shown in Fig 4.14.  The structure of 
tartrazine is long in length with minimum side chain (width) and flat in thickness. 
 
 
Figure 4. 14 3-D representation of Tartrazine 
 
 
Figure 4.14 shows that mesoporous carbon adsorbent has greater adsorption saturation 
capacity compared with commercial carbon (Filtrasorb-100).  The saturation capacity for 
mesoporous carbon is about 3 times greater than commercial carbon.  This saturation 
capacity is comparable to that for methylene blue, even though tartrazine has a longer 
length than methylene blue (17.2Å as opposed to 14.3Å).  This trend can be explained by 
understanding the nature of the pore of carbon and the structure of the adsorbate.  As 
been mentioned previously (see Fig 4.4), commercial carbon pore structure is the slit-
type, while mesopore carbon is the cylindrical-type.  Thus, tartrazine can fit well into the 
pore structure of commercial carbon, since it is a long but flat molecule without side 
chains.  Thus, a long and flat (or rod-like) molecule will be able to enter through the 
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cylindrical pore structure (mesopore carbon) or even slit-type pore structure (commercial 
carbon) for the adsorption to take place. 
 
Table 4.13 shows very low value of Henry’s Constant for both commercial carbon and 
mesopore carbon sample, while the latter are significantly larger than the former.  The 










































Mesoporous 0.0067 2.321  
 
 
4.3.3 Adsorption Isotherm of Violamine-R 
Violamine-r structure in 3-dimensional is drawn in fig 4.15.  The structure of violamine-r 
is long in length with side chain and also thick. 
 
Figure 4. 16 3-D Representation of Violamine-R 
 
Figure 4.16 also shows that mesoporous carbon has greater adsorption saturation capacity 
compared with commercial carbon (Filtrasorb-100).  For violamine-r adsorbate, the 
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saturation capacity for mesopore carbon is about 7 times greater than that for commercial 
carbon and higher than for the other adsorbates.  While tartrazine has a long and flat 
structure, violamine-r on the other hand is a long and thick with a wide side chain.  Thus, 
violamine-r cannot fit well into the pore structure of commercial carbon, but still fits 
quite well with mesopore carbon with a cylindrical pore structure.  These results also 
confirm the analysis of pore structure for both carbons that was initially predicted by 
deBoer (Linsen, 1970). 
 
Table 4.14 shows a large difference in the Henry’s Constant between commercial carbon 
and mesoporous carbon.  Mesoporous carbon has a much higher Henry’s Constant 
compared with its commercial carbon counterparts (45 times as higher).   Therefore, 































Figure 4. 17 Adsorption Isotherm of Violamine R between Commercial and Mesopore Carbon 
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4.3.4 Adsorption Isotherm of Phenol Red 
Fig 4.17 shows phenol red structure in 3-dimensional.  Although the molecular length 
dimension of phenol red is small (it is shorter than methylene blue), but the width and 
thickness are large.  Thus, the structure of phenol red resembles a “roundish” structure. 
 
 
Figure 4. 18 3-D Representation of Phenol Red 
 
 88
 Mesoporous carbon has much greater adsorption saturation capacity compared with 
commercial carbon (Filtrasorb-100), as can be seen in Fig 4.18.  The saturation capacity 
for mesoporous carbon is 12 times greater than commercial carbon and is the highest 
relative to Filtrsorb among the adsorbates studied.  The length of phenol red is smallest 
amongst all adsorbate; the width of phenol red is greater than mehtylene blue and 
tartrazine but smaller than violamine-r; the thickness is the largest among all the 
adsorbates tested.  As mentioned earlier, the structure of phenol red resembles a 
“roundish” type (or medium-sized in all directions), which cannot fit to slit-type pore 
structure of commercial carbon.  This causes such low adsorption capacity within 
commercial carbon, even though the length is even smaller than methylene blue.  On the 
other hand, mesoporous carbon can accommodate the structure of phenol red, as its 
adsorption capacity is larger than tartrazine and violamine-r, and comparatively similar to 
that of methylene blue.  This is a further conformation of the structure for both active 
carbons; Filtrasorb-100 have a slit-type pore structure, while mesoporous carbon have a 
cylindrical pore structure 
 
Table 4.14 shows another extreme difference in the Henry’s Constant between 
commercial carbon and mesoporous carbon sample.  Mesoporous carbon has a much 
higher Henry’s Constant compared with its commercial carbon counterparts (55 times as 



















































4.4 Thermal Regeneration  
 
4.4.1 Thermal Regeneration of Methylene Blue 
Table 4.16 is the summary of the results obtained after thermal regeneration of spent 
activated carbon at 400°C from methylene blue.  Regeneration capacity of spent 
mesoporous carbon from methylene blue is lower than spent commercial carbon by 
around 20%.  This can be explained from the perspective of dimension of methylene blue 
and from affinity of methylene blue to adsorbent.  As have been shown earlier, methylene 
blue is a considerably smaller molecule relative to the dimension of the pores of 
commercial and mesoporous carbons.  Therefore, the entering and exiting of methylene 
blue can be done in both carbons.  But the advantage of mesoporous carbon having a 
much larger opening compared to commercial carbon does not seem to have an effect in 
this case.  The advantage of mesoporous carbon in this case lies in the rate of desorption, 
as the adsorbate has less obstacles to enter/exit the meso-macropore.  Second is the 
affinity of methylene blue to the carbon surface.  Table 4.12 shows that Henry’s Constant 
of mesoporous carbon is 4 orders of magnitude higher than the constant for commercial 
carbon.  Hence, higher % recovery of commercial carbon is the result of weaker affinity 
of methylene blue compared with mesoporous carbon. 
 
Table 4. 16 Thermal Regeneration of Commercial and Mesoporous Carbon at 
 400°C from Methylene Blue 
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Specific Surface 
Area (m2/g) 819.65 331.86 639.51 78.02
Total Pore Volume 
(cc/g) 0.47 0.21 0.38 81.70
Micropore Volume 
(cc/g) 0.45 0.18 0.36 79.29
Mesopore Volume 
(cc/g) 0.03 0.02 0.03 87.50
Mesopore Surface 
Area (m2/g) 18.38 12.80 14.19 77.18
Specific Surface 
Area (m2/g) 1672.44 693.11 1015.96 60.75
Total Pore Volume 
(cc/g) 1.41 0.68 0.90 64.11
Micropore Volume 
(cc/g) 1.11 0.49 0.69 62.57
Mesopore Volume 
(cc/g) 0.30 0.18 0.21 69.74
Mesopore Surface 
Area (m2/g) 174.35 104.74 120.46 69.09







% Recovery at 
400ºC












4.4.2 Thermal Regeneration of Tartrazine 
Table 4.17 is the summary of thermal regeneration of spent activated carbon at 400°C 
from tartrazine.  Capacity recovery of both surface area and volume within commercial 
carbon is higher than mesoporous carbon, although it is lesser compared with previous 
(i.e. around 10%).  However percentage recovery for both mesopore’s surface area and 
volume are much higher in mesoporous carbon compared with commercial carbon.  The 
former can be explained by: 1) the nature structure of tartrazine; 2) the affinity of 
tartrazine to carbon surface, and 3) pore access blockage.   
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As mentioned earlier in the chapter 4.3.2, the structure of tartrazine is long but flat and 
without side chains.  Therefore, slit type pore structure of commercial carbon can still can 
provide passage for tartrazine for entering and exiting.  Secondly, the affinity of 
tartrazine in low concentration to carbon surface is higher for mesoporous carbon than 
commercial carbon by 1000 times.  Thus, a higher energy is required for tartrazine to be 
desorbed in mesoporous carbon compared to commercial carbon.  In addition, it is 
possible that the mesoporous structure that resembles a bottle neck (see fig 4.5), may lead 
to blockage of the passage of tartrazine to exit and then resulting a lower percentage of 
recovery. 
 
Table 4. 17 Thermal Regeneration of Commercial and Mesoporous Carbon  
at 400°C from Tartrazine 
Specific Surface 
Area (m2/g) 819.65 692.66 689.89 84.17
Total Pore Volume 
(cc/g) 0.47 0.372 0.406 86.38
Micropore Volume 
(cc/g) 0.449 0.37 0.387 86.19
Mesopore Volume 
(cc/g) 0.032 0.002 0.019 59.38
Mesopore Surface 
Area (m2/g) 18.38 15.31 9.68 52.67
Specific Surface 
Area (m2/g) 1672.44 1127.91 1250.13 74.75
Total Pore Volume 
(cc/g) 1.41 1.022 1.109 78.65
Micropore Volume 
(cc/g) 1.106 0.777 0.859 77.67
Mesopore Volume 
(cc/g) 0.304 0.245 0.25 82.24
Mesopore Surface 
Area (m2/g) 174.35 139.56 143.43 82.27
% Recovery at 
400ºC
Tartrazine (TZ) on Commercial Carbon

















4.4.3 Thermal Regeneration of Violamine-R 
Table 4.18 is the summary of thermal regeneration of spent activated carbon at 400°C 
from violamine-r.  From the physical properties of the carbons that have been recovered 
during regeneration, it can be seen that mesoporous carbon has a greater regeneration 
capacity on specific surface area, total pore volume and micropore volume.  In addition, 
recovery on mesopore surface area and volume is also greater than 80%. This shows 
versatility of regeneration of mesoporous carbon on bulky adsorbate.   
 
Note that in commercial carbon, percentage recovery of violamine-r for mesopore 
volume and surface area is greater than 100%, which is arbitrary since calculated spent 
carbon has greater mesopore volume and surface area compared to its virgin.  Reason for 
this phenomenon is still unknown, and further studies on mesoporosity development of 
coconut shells by violamine-r suggest no indication of violamine-r as a potential 
activation chemical agent.  One possibility is that adsorbed violamine-r on the 
commercial carbon surface plays a role of pillar standing between carbon layers, 
especially during the softening regeneration period of 1 hour at 400°C.  Thus in this 
condition, the presence of such pillars are not just to prevent shrinkage of pores, but also 
creating larger space between carbon layers.   
 
This postulate is similar to studies result by Miura et al. (Kyotani et al., 2000) in his 
attempt to produce molecular sieve carbon adsorbent. Miura et al.’s findings suggest that 
the size of the micropore can be varied by slight modification of the molecular structure 
of carbon precursors.  One of their ways to control micropores is by using ion exchange 
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resin (spherical polystyrene-based resin) as carbon precursor, which implies that 
micropore size is tunable by changing the type of cations, either with di- or trivalent 
cations (Ca, Fe, Ni, Cu, Zn) or with univalent cations (H, Na, K).  Thus, this tunable 
micropore size by di-trivalent cations is similar to tunable meso-macropore size by 
violamine-r.  From other studies, Torregrosa-Macia et al. (1997) has shown that 
mesoporous activated carbons can be obtained by modification of commercial activated 
carbons by impregnation with glucose and CO2. 
Table 4. 18 Thermal Regeneration of Commercial & Mesoporous Carbon 
at 400°C from Violamine-R 
Specific Surface 
Area (m2/g) 819.65 459.53 541.81 66.10
Total Pore Volume 
(cc/g) 0.47 0.29 0.36 76.60
Micropore Volume 
(cc/g) 0.449 0.238 0.288 64.14
Mesopore Volume 
(cc/g) 0.032 0.052 0.072 225.00
Mesopore Surface 
Area (m2/g) 18.38 29.71 34.59 188.19
Specific Surface 
Area (m2/g) 1672.44 1310.33 1378.3 82.41
Total Pore Volume 
(cc/g) 1.41 1.064 1.2 85.11
Micropore Volume 
(cc/g) 1.106 0.965 0.932 84.27
Mesopore Volume 
(cc/g) 0.304 0.099 0.268 88.16
Mesopore Surface 
Area (m2/g) 174.35 87.09 151.22 86.73
Violamine R (VR) on Commercial Carbon





















 4.4.4 Thermal Regeneration of Phenol Red 
Table 4.19 is the summary of thermal regeneration of spent activated carbon at 400°C 
from phenol red.  For the comparison of Total Surface Area, Total Pore Volume and 
Micropore Volume between two carbons, commercial carbon has better regeneration 
efficiencies compared with mesoporous carbon.  This can be explained in two ways.  
First, it is because of the different nature of pore structure between two carbons.  As 
mentioned, slit-type pore structure of commercial carbon is more uniform compared with 
cylindrical shaped pores with narrow necks and with wide bodies of different parameters 
in mesoporous carbons (Figure 4.5).  Therefore, chances of blockage are higher for 
mesoporous carbon, especially for phenol red that may be buried deep down inside the 
carbon skeleton.  Second, the higher Henry’s Constant of phenol red for adsorption on 
mesoporous carbon compared with commercial carbon may lead to reduced regeneration. 
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Table 4. 19 Thermal Regeneration of Commercial and Mesoporous  
Carbon at 400°C from Phenol Red 
Specific Surface 
Area (m2/g) 819.65 604.47 708.78 86.47
Total Pore Volume 
(cc/g) 0.47 0.353 0.419 89.15
Micropore Volume 
(cc/g) 0.449 0.339 0.395 87.97
Mesopore Volume 
(cc/g) 0.032 0.014 0.024 75.00
Mesopore Surface 
Area (m2/g) 18.38 7.19 12.52 68.12
Specific Surface 
Area (m2/g) 1672.44 1310.32 1130.89 67.62
Total Pore Volume 
(cc/g) 1.41 1.064 1.004 71.21
Micropore Volume 
(cc/g) 1.106 0.965 0.663 59.95
Mesopore Volume 
(cc/g) 0.304 0.099 0.341 112.17
Mesopore Surface 
Area (m2/g) 174.35 87.08 186.91 107.20
Phenol Red (PR) on Commercial Carbon




















4.5 Re-Adsorption of Regenerated Mesoporous Carbon  
Table 4.20 is the table of the average of first saturation capacity (in mmol/g) to the 
average of second saturation capacity (that is, after regeneration).  The ratio in both 
average maximum saturation capacities are then expressed as percentage, and this will be 
compared with the percentage regeneration result (from BET) of mesopore volume.  ratio 
The average saturation capacities (before and after regeneration) of tartrazine is 17.25% 
lower than the BET result of regeneration efficiencies of mesopore volume.  Similar to 
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this result is commercial carbon, which shows a value 17.61% lower than the BET result 
of regeneration efficiencies of mesopore volume (result is not shown here).  A possible 
explanation is that tartrazine may not just be adsorbed to the mesopore region, but also in 
some of the micropore regions.  This will result in the discrepancies in the comparison of 
BET result and saturation capacity. 
  
On the other hand, violamine-r being a bulky molecule shows a good agreement (around 
6% variation) between BET regeneration efficiencies result and ratio of saturation 
capacities.   
The same observation applies to phenol red, where the difference between two results is 
only 1%.  Phenol red, being a phenol that know to be strongly adsorbed to carbon 
surface, and also having higher Henry’s Constant than tartrazine and violamine-r (and 
therefore higher affinities to carbon surface at low concentration) are able to be 
regenerated completely in the mesopore regions.  This regenerated efficiency is re-
confirmed by the re-adsorption of phenol red of the regenerated mesoporous carbon. 
 
Table 4. 20 %Ratio Saturation Capacities (before and after regeneration)  



















BET results and 
Ratio of Saturation 
Capacities
mmol/ g mmol/ g % % %
Tartrazine 0.54 0.35 64.99 82.24 17.25
Violamine R 0.70 0.57 81.43 88.16 6.73
Phenol Red 1.29 1.43 111.16 112.17 1.01  
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CHAPTER 5   CONCLUSIONS 
 
 
Cheap and renewable mesoporous carbon adsorbents were produced by using waste 
coconut shell precursor, which is chosen  due to  its high density/ hardness, high volatility 
and low ash content.  Its porosity and structure are developed by using both physical and 
chemical treatment, in order for carbonization and activations to be accomplished in a 
single step and with specific surface properties. 
 
Specifically, the physical treatment was done under 800°C and under CO2 gas for 2 
hours, while ZnCl2 was used as the chemical agent due to its well-known effective 
activating capabilities.  High specific surface area, high mesopore surface area and 
volume, and high total pore volume resulted from such activation.  In addition, the 
resulting carbon adsorbent was thermally more stable than widely-used commercial 
carbon (Filtrasorb-100).   
From TEM scanning, the external pore structure of mesoporous carbon are less regular 
with its average pore diameter around 3-5 nm; while commercial carbon are having more 
regularity structure and with around 2 nm average pore diameter. 
 
Different shells-to-ZnCl2 ratio (w/w) , ranging from 1:2 to 1:4 were investigated.  
Increasing ZnCl2 content will result in increasing mesoporosity (mesopore surface area 
and volume) and total pore volume, while keeping the specific surface area and 
micropore volume relatively constant.  Therefore, the role of shell-to-ZnCl2 ratios (by 
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w/w) greater than 1:2 is clear, which is pore widening; and the highest mesopore 
properties thus far is achieved in ratio of 1:4. 
 
For the reason of commercial feasibility and since ZnCl2 evaporation is achieved around 
350°C, coconut shells were activated at 400°C instead of 800°C.  In addition, best 
method for preparation of mesoporous adsorbent were studied by using different gas 
activations (N2, CO2 and steam) and its combinations, dwelling times, and sequences.  
Activation by dilute steam (N2+steam) was shown to increases meso-macroporosity 
compared with CO2 under same condition; while CO2 is a better activating gas compared 
to N2.  Utilizing CO2+steam at the same time shown to exhibit a neutralizing effect and 
thus inhibit pore development, but N2+steam alternate before CO2+steam yields better 
mesopore properties.  Sequential N2+steam in first 2 hours and then CO2+steam in the 
next 2 hours increases porous properties compared with using CO2 for 4 hours.  
Furthermore, the carbon adsorbent prepared in this way has better mesopore properties 
and higher percentage yield compared with carbon adsorbent prepared at 800°C for 2 
hours and with CO2.  Therefore, the advantageous properties of mesoporous carbon that 
has been prepared at high temperature (800°C) using CO2 gas can be also achieved at low 
temperature (400°C) by using longer activation time and with combination of activating 
gases to offset low temperature activation. 
 
Performance of mesoporous carbon was tested and then compared with commercial 
carbon in liquid phase of adsorbate such as methylene blue, tartrazine, violamine-r, and 
phenol red.  Mesoporous carbon shows higher adsorption saturation capacity and affinity 
 100
towards all of the adsorbates compared with commercial carbon. Therefore, mesoporous 
carbon is a better choice in applying for all concentrations with better saturation capacity 
for adsorption.  The difference between the two carbons in adsorption saturation capacity 
is more pronounced in bulkier adsorbates, such as violamine-r and phenol red.  In 
addition, the adsorption isotherms confirm deBoer prediction of pore structure between 
two carbons, in which mesoporous carbon pore structure is taken to be cylindrical with 
narrow necks of rather uniform diameters, but with wide bodies of different parameters, 
while commercial carbon has slit-shaped pores open at all sides.  
 
Spent activated carbons were regenerated at 400°C under inert environment to minimize 
carbon losses and to demonstrate the convenience in regeneration of mesoporous carbon.  
Compared with commercial carbon, mesopore properties (surface area and volume) were 
regenerated from all adsorbates more efficiently in mesoporous carbon, with exception of 
methylene blue as adsorbate.  Regeneration of smaller-flat molecule like methylene blue 
shows that limiting factor of regeneration in this condition is due more to affinities for 
adsorbate (which are 4 times higher) rather than molecular hindrance for molecule to 
desorb. 
Regeneration from phenol red was complete in the mesopore region, showing a potential 
advantage of employing mesoporous carbon in regeneration of phenol, a well-known 




Re-application of regenerated carbon in liquid phase confirmed the regeneration in the 
mesopore region.  Mesoporous carbon is the adsorbent of choice due to its availability, 
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